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Resumo
Atualmente, três importantes tendências no setor automotivo são redução de emis-
sões de gases poluentes, uso de biocombustíveis e consumo energético eficiente. Isto motiva,
por exemplo, o uso de etanol combustível, assim como técnicas para melhoria de desempenho
de motores, como o aquecimento de combustível para partida a frio e diminuição de emissões.
Esta tecnologia, que se iniciou no mercado brasileiro, demanda bastante atenção e mão-de-obra
qualificada, pois é um item que exige segurança absoluta e, geralmente, trabalha em regime de
ebulição nucleada, processo dominado por poucos profissionais da indústria Automotiva.
Ebulição é um dos principais ramos de pesquisa em transferência de calor devido
à sua alta complexidade, diversidade de efeitos de parâmetros do problema e altos coeficientes
de transferência de calor. A existência da tecnologia FlexFuel torna ainda mais complexo o
problema por conta da mistura de combustíveis, principalmente se tratando de gasolina, que,
por si só, já é uma mistura de centenas de hidrocarbonetos.
Esta Tese de Doutorado analisa o fenômeno de ebulição nucleada em gasolina e em
suas misturas com etanol a partir de novos dados experimentais e com o uso de correlações
para cálculo de coeficiente de transferência de calor. Ensaios de ebulição nucleada (em bancada
projetada e construída especialmente para este projeto) em um fio de platina foram realizados
para gasolina, etanol, hidrocarbonetos e misturas de gasolina e etanol com diferentes níveis
de pressão. O método de Monte Carlo foi empregado para encontrar suplentes que possam
substituir a gasolina nos cálculos do coeficiente de transferência de calor e avaliou-se o com-
portamento destes suplentes ao mistura-los com etanol.
De forma resumida, os coeficientes de transferência de calor obtidos com gasolina
pura foram os menores encontrados. A adição de etanol à gasolina apresenta gradual aumento
do coeficiente até atingir os valores do etanol (os mais elevados do presente estudo). Análise da
degradação do coeficiente de transferência de calor e do fluxo crítico indicam comportamento
de azeótropo quando a mistura gasolina-etanol contém 20% de fração molar de etanol. Além
disto, a gasolina apresenta um comportamento incomum de histerese no processo de fluxo de
calor crescente.
Referindo-se à modelagem da gasolina, observou-se que não há correlação evidente
de melhoria do cálculo do coeficiente de transferência de calor com a quantidade de hidrocar-
bonetos na sua composição. Quando analisando o modelo da gasolina misturado com etanol,
mostrou-se que a modelagem se mantém precisa se o diagrama de fases da mistura modelo-
etanol se comporta como a mistura gasolina-etanol. Por fim, um diagrama de fases para a
mistura gasolina-etanol é proposto usando inversão da correlação de Inoue et al..
Abstract
Nowadays, three important trends in automotive business are the reduction of pol-
lutant emissions, use of biofuels and efficient energy consumption. It motivates, for instance,
the use of ethanol fuel, as well as improvements in engine performance, like the use of heated
fuel for cold start and reduction of pollutant emissions. This technology, which was born in
Brazil, requires great attention and skilled labor, because this is an item that demands absolute
safety and, in general, it works in the nucleate boiling regime, which is a process that is truly
understood by few professionals in the Automotive industry.
Boiling is one of the main research topics in heat transfer due to its high complexity,
many parametric effects and high heat transfer coefficients. The existence of FlexFuel technol-
ogy makes it even more complex because of the possibility of fuel blends, especially because
of gasoline, which is already by itself a blend of hundreds of hydrocarbons.
This Ph.D. Thesis analyzes the nucleate boiling heat transfer in gasoline and its
mixtures with ethanol from novel experimental data and using correlations to calculate the heat
transfer coefficient. Nucleate boiling tests (in a test rig specially designed and built for the
present work) on a platinum wire were performed with gasoline, ethanol, hydrocarbons and
gasoline-ethanol blends at different pressure levels. Monte Carlo method was used to find
gasoline surrogates in calculations of heat transfer coefficients and, furthermore, the behavior
of these surrogates was evaluated when mixed with ethanol.
In summary, the heat transfer coefficients found with gasoline were the lowest
among the tested fluids. The addition of ethanol to gasoline gradually increases the coefficient
until ethanol results are achieved (which were the highest values observed in the present study).
Analysis of the heat transfer coefficient degradation and critical heat flux indicates an azeotropic
behavior when the gasoline-ethanol blend contains 20% of ethanol in mole fraction. Moreover,
gasoline presents an unusual hysteresis behavior during the increasing heat flux process.
About gasoline modeling, no evident correlation was observed between the model
predictive capacity and the number of hydrocarbons in its composition. When analyzing the
mixture of gasoline surrogates with ethanol, it was noticed that the surrogate remains accurate if
the surrogate-ethanol phase diagram behaves similarly to the gasoline-ethanol mixture. Finally,
a gasoline-ethanol phase diagram is proposed using an inversion of Inoue et al. correlation.
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𝑟 Reduced property or non-dimensional characteristic
𝑟𝑒𝑓 Referential condition
𝑟𝑒𝑠 Residual part (UNIFAC method)
𝑅𝐽 Ribatski and Jabardo
𝑠𝑎𝑡 Saturate condition
𝑆ℎ Shunt resistor
𝑆𝑡𝐴𝑏 Stephan and Abdelsalam
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𝑤 Wall / Wire
𝑥 Referred to liquid mole fraction
𝑦 Referred to vapor mole fraction
List of Figures
2.1 Illustrative boiling curves for different test methodologies. . . . . . . . . . . . 23
2.2 Pool boiling regimes for the controlled heat flux case. . . . . . . . . . . . . . . 25
2.3 Boiling curve for saturated water at 1 atm (Incropera et al., 2006) . . . . . . . . 25
2.4 Illustrative representation of types of phase diagrams: (a) Ideal mixture. (b)
Non-ideal mixture. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 32
2.5 Illustrative example of a binary mixture phase diagram with its main parameters. 32
2.6 Ethanol/n-hexane phase diagrams showing pressure effect. . . . . . . . . . . . 33
2.7 Illustrative guide to read ternary plots. . . . . . . . . . . . . . . . . . . . . . . 34
2.8 Ideal ternary mixture. From left to right: bubble point, dew point and boiling
range variation with the composition. . . . . . . . . . . . . . . . . . . . . . . . 35
2.9 Non-ideal ternary mixture. From left to right: bubble point, dew point and
boiling range variation with the composition. . . . . . . . . . . . . . . . . . . 35
2.10 Ribatski and Saiz Jabardo 𝑓𝑤 parameter calculated using experimental results. . 39
2.11 Flow chart of the Monte Carlo simulation to find the surrogates compositions. . 47
3.1 Complete experimental rig schematic illustration. A) Boiling Test Apparatus;
B) Controlled Water Bath; C) PWM Controller; D) DC Power Supply; E) Shunt
Resistor; F) NOVUS FieldLogger Data Acquisition System; G) High-Definition
Webcam. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 48
3.2 Boiling Test Apparatus (A). 1) Platinum Wire; 2) Borosilicate Glass Tube; 3)
Stainless Steel Lids; 4) Polycarbonate Tube; 5) Boiling Chamber; 6) Condenser;
7) Bath Heater; 8) Thermocouple in Vapor; 9) Pressure Transducer; 10) Ther-
mocouple for Control; 11) Thermocouple 1 in Liquid; 12) Thermocouple 2 in
Liquid; 13) Conductors; 14) Confined Air. . . . . . . . . . . . . . . . . . . . . 49
3.3 Pictures of the Boiling Apparatus. (1) The test section. (2) Boiling chamber
with camera during degasification process. (3) Boiling Apparatus with evidenc-
ing thermal insulation. (4) Boiling test with computer monitoring. . . . . . . . 50
3.4 Mind map to aid projects of nucleate boiling experimental rigs. . . . . . . . . . 52
3.5 Test section schematic illustration. . . . . . . . . . . . . . . . . . . . . . . . . 56
3.6 Example of the wire Temperature-Resistance curve. . . . . . . . . . . . . . . . 60
3.7 Data smoothing process, from raw data points to final data. . . . . . . . . . . . 62
3.8 Data smoothing result from raw condition to final processed data (2𝑛𝑑 smoothing). 63
3.9 Video synchronization process with the four referential points indicated (images
and test result with anhydrous ethanol). . . . . . . . . . . . . . . . . . . . . . 64
4.1 Heat transfer coefficient variation with heat flux with ethanol at different pres-
sures. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 67
4.2 Images of nucleate boiling in ethanol at different heat fluxes and pressures. . . 68
4.3 Heat transfer coefficient with heat flux using n-pentane at different pressures. . 69
4.4 Heat transfer coefficient with heat flux using n-heptane at different pressures. . 69
4.5 Comparison of pure components models with ethanol experimental results. . . 70
4.6 Comparison of pure components models with n-pentane experimental results. . 71
4.7 Comparison of pure components models with n-heptane experimental results. . 72
4.8 Average deviation of pure component correlations with experimental results. . . 73
4.9 Heat transfer coefficient change with heat flux with pure gasoline at several
pressures. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 74
4.10 Images of nucleate boiling in pure gasoline at different heat fluxes and pressures. 75
4.11 Hysteresis effect with pure gasoline at different test pressures: filled and hollow
symbols are results during increasing and decreasing heat flux, respectively. . . 76
4.12 Wire temperature difference between increasing and decreasing heat flux pro-
cesses with gasoline at different pressures. . . . . . . . . . . . . . . . . . . . . 76
4.13 Frames showing boiling during both decreasing and increasing heat flux pro-
cesses in gasoline at 102 𝑘𝑃𝑎 pressure (HF: Heat Flux; Temp. Diff.: Wire
temperature difference between increasing and decreasing heat flux processes). 78
4.14 Frames showing boiling during both decreasing and increasing heat flux pro-
cesses in gasoline at 202 𝑘𝑃𝑎 pressure (HF: Heat Flux; Temp. Diff.: Wire
temperature difference between increasing and decreasing heat flux processes). 79
4.15 Frames showing boiling during both decreasing and increasing heat flux pro-
cesses in gasoline at 303 𝑘𝑃𝑎 pressure (HF: Heat Flux; Temp. Diff.: Wire
temperature difference between increasing and decreasing heat flux processes). 80
4.16 Frames showing boiling during both decreasing and increasing heat flux pro-
cesses in gasoline at 403 𝑘𝑃𝑎 pressure (HF: Heat Flux; Temp. Diff.: Wire
temperature difference between increasing and decreasing heat flux processes). 81
4.17 Heat transfer coefficient variation with heat flux for gasoline-ethanol blends
at approximately 102 𝑘𝑃𝑎, 202 𝑘𝑃𝑎 and 403 𝑘𝑃𝑎, respectively. The blend
composition is given by ethanol mole fraction 𝑥𝐸𝑡. . . . . . . . . . . . . . . . 82
4.18 Heat transfer coefficient dependence on ethanol content at different heat flux
levels in gasoline-ethanol blends at approximately 102 𝑘𝑃𝑎, 202 𝑘𝑃𝑎 and
403 𝑘𝑃𝑎, respectively. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 83
4.19 Heat transfer coefficient degradation dependence on the gasoline-ethanol blend
composition for each test pressure. . . . . . . . . . . . . . . . . . . . . . . . . 84
4.20 Measured saturation temperature (bubble points for the mixtures) for each
gasoline-ethanol blend composition and pressure. . . . . . . . . . . . . . . . . 85
4.21 Critical heat flux results with gasoline-ethanol blends for each composition and
pressure. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 85
4.22 Hysteresis effect for different fluid compositions at approximately 202 𝑘𝑃𝑎:
filled and hollow symbols are with increasing and decreasing heat flux pro-
cesses, respectively. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 87
4.23 Wire temperature difference between increasing and decreasing heat flux pro-
cesses for different fluid compositions at approximately 202 𝑘𝑃𝑎. . . . . . . . 87
4.24 Frames showing boiling during both decreasing and increasing heat flux pro-
cesses for each gasoline-ethanol blend at 202 𝑘𝑃𝑎 pressure and 100 𝑘𝑊/𝑚2
heat flux (HF: Heat Flux; Temp. Diff.: Wire temperature difference between
increasing and decreasing heat flux processes). . . . . . . . . . . . . . . . . . 88
4.25 Frames showing boiling during both decreasing and increasing heat flux pro-
cesses for each gasoline-ethanol blend at 202 𝑘𝑃𝑎 pressure and 200 𝑘𝑊/𝑚2
heat flux (HF: Heat Flux; Temp. Diff.: Wire temperature difference between
increasing and decreasing heat flux processes). . . . . . . . . . . . . . . . . . 89
4.26 Evaluation of Monte Carlo optimization with the number of iterations – 2 com-
ponents case (n-Pentane/Iso-Octane). . . . . . . . . . . . . . . . . . . . . . . . 91
4.27 Evaluation of Monte Carlo optimization with the number of iterations – 3 com-
ponents case (n-Pentane/n-Heptane/Iso-Octane). . . . . . . . . . . . . . . . . . 91
4.28 Evaluation of Monte Carlo optimization with the number of iterations – 4 com-
ponents case (n-Pentane/n-Heptane/Iso-Octane/n-Butane). . . . . . . . . . . . 92
4.29 Comparison of 1-Component heat transfer coefficients (calculated with Goren-
flo correlation) with gasoline results. . . . . . . . . . . . . . . . . . . . . . . . 93
4.30 Boiling range (calculated with phase equilibria equations presented in Ap-
pendix B) of different mixtures of ethanol and hydrocarbons at 102 𝑘𝑃𝑎. . . . . 93
4.31 Comparison of 2-components mixture heat transfer coefficients (calculated with
Unal and Inoue et al. correlations, respectively) with gasoline results. . . . . . 94
4.32 Boiling range (calculated with phase equilibria equations presented in Ap-
pendix B) of different binary mixtures of hydrocarbons at 102 𝑘𝑃𝑎. The square
points show where Monte Carlo search converged for each mixture using Inoue
et al. correlation . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 94
4.33 Difference between vapor and liquid phases compositions (calculated with
phase equilibria equations presented in Appendix B) for hydrocarbons binary
mixtures at 102 𝑘𝑃𝑎. The square points show where Monte Carlo search con-
verged for each mixture using Unal correlation . . . . . . . . . . . . . . . . . 95
4.34 Comparison of 3-components mixture heat transfer coefficients (calculated with
Unal or Inoue et al. correlations) with gasoline results. . . . . . . . . . . . . . 96
4.35 Comparison of the experimental heat transfer coefficient of pure gasoline with
the predicted with each surrogate at 102 𝑘𝑃𝑎. . . . . . . . . . . . . . . . . . . 99
4.36 Deviation at several heat fluxes of the predicted heat transfer coefficient with
each surrogate at 102 𝑘𝑃𝑎 (A1-Gor10 and A2-Gor10 excluded for a better anal-
ysis). . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 99
4.37 Evaluation of heat flux effect on the model deviation from experimental results
for each gasoline-ethanol blend (Surrogate A1-Gor10). . . . . . . . . . . . . . 102
4.38 Evaluation of heat flux effect on the model deviation from experimental results
for each gasoline-ethanol blend (Surrogate A2-Gor10). . . . . . . . . . . . . . 102
4.39 Comparison of modeling calculations with A1-Gor10 and A2-Gor10 with pres-
ence of ethanol (using both Unal and Inoue et al. correlations) with test results
at 400 𝑘𝑊/𝑚2. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 103
4.40 Calculated heat transfer coefficients with surrogates-ethanol mixtures using
Unal correlation at 400 𝑘𝑊/𝑚2 compared with experimental results (at top)
and modeled heat transfer coefficient deviation from experimental (at bottom). . 104
4.41 Calculated heat transfer coefficients with surrogates-ethanol mixtures using In-
oue et al. correlation at 400 𝑘𝑊/𝑚2 compared with experimental results (at top)
and modeled heat transfer coefficient deviation from experimental (at bottom). . 105
4.42 Average deviation comparison of the five most accurate surrogates (mixed with
ethanol) at 400 𝑘𝑊/𝑚2. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 105
4.43 Calculated heat transfer coefficient of B2-Inoue surrogate mixed with ethanol
and gasoline-ethanol blends experimental data at several heat fluxes. . . . . . . 106
4.44 Relative deviation of B2-Inoue surrogate mixed with ethanol from gasoline-
ethanol blends experimental data at several heat fluxes. . . . . . . . . . . . . . 106
4.45 Calculated heat transfer coefficient of C2-Inoue surrogate mixed with ethanol
and gasoline-ethanol blends experimental data at several heat fluxes. . . . . . . 107
4.46 Relative deviation of C2-Inoue surrogate mixed with ethanol from gasoline-
ethanol blends experimental data at several heat fluxes. . . . . . . . . . . . . . 107
4.47 Boiling ranges at 102 𝑘𝑃𝑎 of B1-Inoue, B2-Inoue and C2-Inoue surrogates
when mixed with ethanol and the desired boiling range calculated with Eq. 4.3
at 400 𝑘𝑊/𝑚2. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 108
4.48 Estimated gasoline-ethanol phase diagram at 102 𝑘𝑃𝑎 with inverted Inoue et al.
correlation at 400 𝑘𝑊/𝑚2 and measured bubble point temperatures. . . . . . . 109
A.1 Example of pool temperature measures with two thermocouples – Anhydrous
Ethanol . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 131
A.2 Example of pool temperature measures with two thermocouples – Gasoline . . 131
B.1 Flow chart presenting the Bubble-T routine. . . . . . . . . . . . . . . . . . . . 141
B.2 Flow chart presenting the Dew-T routine. . . . . . . . . . . . . . . . . . . . . 142
C.1 Fujita and Tsutsui, 1997 ethanol/water mixture data with mixture correlations. . 147
C.2 Fujita and Tsutsui, 1997 methanol/benzene mixture data with mixture correla-
tions. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 147
C.3 Fujita and Tsutsui, 1997 ethanol/n-butanol mixture data with mixture correlations.147
C.4 Isopropanol/water (50%/50%) binary mixture from Vinayak Rao and Balakr-
ishnan, 2004. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 148
C.5 Acetone/Isopropanol/water (30%/35%/35%) ternary mixture from Vinayak Rao
and Balakrishnan, 2004. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 148
C.6 Acetone/Isopropanol/water (70%/15%/15%) ternary mixture from Vinayak Rao
and Balakrishnan, 2004. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 148
C.7 Propane/i-Butane/n-Butane (28%/36%/36%) ternary mixture at 148 𝑘𝑃𝑎 from
Kotthoff and Gorenflo, 2008. . . . . . . . . . . . . . . . . . . . . . . . . . . . 149
C.8 Propane/i-Butane/n-Butane (28%/36%/36%) ternary mixture at 380 𝑘𝑃𝑎 from
Kotthoff and Gorenflo, 2008. . . . . . . . . . . . . . . . . . . . . . . . . . . . 149
C.9 Propane/i-Butane/n-Butane (28%/36%/36%) ternary mixture at 721 𝑘𝑃𝑎 from
Kotthoff and Gorenflo, 2008. . . . . . . . . . . . . . . . . . . . . . . . . . . . 149
C.10 Unal predictive performance for mixture boiling cases. Average deviation of 9.4%150
C.11 Inoue et al. predictive performance for mixture boiling cases. Average devia-
tion of 13.4% . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 150
C.12 Thome and Shakir predictive performance for mixture boiling cases. Average
deviation of 22.2% . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 150
List of Tables
2.1 Summary of some nucleate boiling studies references. . . . . . . . . . . . . . . 27
2.2 Effects of parameters on nucleate boiling and CHF . . . . . . . . . . . . . . . 28
2.3 Referential heat transfer coefficient for Gorenflo, 2010 correlation for each fluid. 41
3.1 Gasoline-ethanol blends used in the present work with mass and mole compo-
sitions . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 59
3.2 Summarization: parameters calculations and their maximum uncertainties . . . 61
4.1 All experimental data presented by constants for the exponential equation form 66
4.2 Experimental CHF compared with the predicted using Zuber correlation (Eq. 2.4). 73
4.3 Gasoline surrogates found with Monte Carlo method and their overall average
deviation (OAD) with gasoline experimental results. . . . . . . . . . . . . . . . 98
4.4 Sensitivity analysis of Monte Carlo optimal composition for each surrogate
when using experimental results at its nominal, minimum and maximum condi-
tions. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 100
4.5 Surrogates and their overall average deviation (OAD) with each test result con-
dition. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 101
A.1 Pressure transducer calibration . . . . . . . . . . . . . . . . . . . . . . . . . . 125
A.2 Thermocouples verification result . . . . . . . . . . . . . . . . . . . . . . . . 126
A.3 Voltage measurement verification – [V] scale . . . . . . . . . . . . . . . . . . 127
A.4 Voltage measurement verification – [mV] scale . . . . . . . . . . . . . . . . . 127
A.5 Electrical current calibration with shunt resistor voltage signal . . . . . . . . . 128
A.6 Heat transfer coefficient (HTC) maximum uncertainty for each fluid and test
pressure. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 133
A.7 Results of uncertainty estimation of the ideal heat transfer coefficient for boiling
range calculation at 400 𝑘𝑊/𝑚2. . . . . . . . . . . . . . . . . . . . . . . . . . 136
A.8 Uncertainty of the boiling range calculation with inverted Inoue et al. correla-
tion at 102 𝑘𝑃𝑎 and heat flux of 400 𝑘𝑊/𝑚2 . . . . . . . . . . . . . . . . . . 136
C.1 Mixture Correlations Table – K parameters (ℎ/ℎ𝑖𝑑 = (1 + 𝐾)−1) . . . . . . . . 145
C.2 Pure components and mixtures results from Fujita and Tsutsui, 1997. . . . . . . 146
C.3 Acetone/Isopropanol/Water mixture results from Vinayak Rao and Balakrish-
nan, 2004. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 146
C.4 Propane/i-Butane/n-Butane from Kotthoff and Gorenflo, 2008. . . . . . . . . . 146
Summary
1 Introduction 14
1.1 Thesis Outline and Reader Guidance . . . . . . . . . . . . . . . . . . . . . . . 18
1.2 Publications From the Present Work . . . . . . . . . . . . . . . . . . . . . . . 20
1.3 Sponsorship . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 22
2 Theory Overview 23
2.1 Pool Boiling and Nucleate Boiling . . . . . . . . . . . . . . . . . . . . . . . . 23
2.1.1 Parametric Effects on Nucleate Boiling . . . . . . . . . . . . . . . . . 26
2.1.2 Critical Heat Flux (CHF) . . . . . . . . . . . . . . . . . . . . . . . . . 28
2.2 Introduction to Nucleate Boiling in Mixtures . . . . . . . . . . . . . . . . . . . 29
2.2.1 Phase Equilibrium . . . . . . . . . . . . . . . . . . . . . . . . . . . . 30
2.2.2 Binary Mixtures . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 32
2.2.3 Multicomponent Mixtures . . . . . . . . . . . . . . . . . . . . . . . . 34
2.2.4 Critical Heat Flux in Mixtures . . . . . . . . . . . . . . . . . . . . . . 35
2.3 Pool Boiling Correlations . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 36
2.3.1 Pure Component Correlations . . . . . . . . . . . . . . . . . . . . . . 37
2.3.2 Mixture Correlations . . . . . . . . . . . . . . . . . . . . . . . . . . . 41
2.4 Gasoline Modeling . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 45
3 Experimental Apparatus and Procedure 48
3.1 Experimental Apparatus . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 48
3.1.1 The Boiling Test Apparatus . . . . . . . . . . . . . . . . . . . . . . . 49
3.1.2 Mind Mapping Concepts . . . . . . . . . . . . . . . . . . . . . . . . . 51
3.1.3 Calculations for the Boiling Apparatus Project . . . . . . . . . . . . . 53
3.1.4 The Test Section . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 55
3.2 Test Methodology . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 56
3.2.1 Mixture Preparation and Gasoline-Ethanol Blends . . . . . . . . . . . 58
3.2.2 Wire Temperature-Resistance Curve . . . . . . . . . . . . . . . . . . . 58
3.2.3 Data Processing . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 60
3.2.4 Video Processing and Synchronization . . . . . . . . . . . . . . . . . . 62
4 Results and Discussion 65
4.1 Pure Components Results . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 65
4.1.1 Anhydrous Ethanol . . . . . . . . . . . . . . . . . . . . . . . . . . . . 67
4.1.2 Hydrocarbons . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 68
4.2 Comparing Results with Boiling Correlations . . . . . . . . . . . . . . . . . . 69
4.3 Experimental Results with Pure Gasoline . . . . . . . . . . . . . . . . . . . . 74
4.4 Experimental Results with Gasoline-Ethanol Blends . . . . . . . . . . . . . . . 82
4.5 Modeling Nucleate Boiling in Gasoline and Gasoline-Ethanol Blends . . . . . 90
4.5.1 Determining the Number of Iterations in Monte-Carlo Method . . . . . 90
4.5.2 The Gasoline Surrogates for Nucleate Boiling . . . . . . . . . . . . . . 92
Sensitivity of Gasoline Modeling . . . . . . . . . . . . . . . 98
4.5.3 Behavior of Gasoline Surrogates with Presence of Ethanol . . . . . . . 101
5 Conclusions 110
6 Suggestions for Future Works 114
Bibliography 116
APPENDICES 125
A – Uncertainties Analysis 125
A.1 Measurements Calibration and Verification . . . . . . . . . . . . . . . . . . . . 125
A.1.1 Pressure Transducer Calibration . . . . . . . . . . . . . . . . . . . . . 125
A.1.2 Thermocouples Verification . . . . . . . . . . . . . . . . . . . . . . . 126
A.1.3 Voltage Measurement Verification . . . . . . . . . . . . . . . . . . . . 126
A.1.4 Electrical Current Calibration . . . . . . . . . . . . . . . . . . . . . . 127
A.2 Uncertainties Estimation . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 128
A.2.1 Uncertainty of the Wire Temperature-Resistance Linear Regression . . 128
A.2.2 Power and Heat Flux Uncertainties . . . . . . . . . . . . . . . . . . . 129
A.2.3 Resistance Uncertainty . . . . . . . . . . . . . . . . . . . . . . . . . . 130
A.2.4 Wire Temperature Uncertainty . . . . . . . . . . . . . . . . . . . . . . 130
A.2.5 Heat Transfer Coefficient Uncertainty . . . . . . . . . . . . . . . . . . 131
A.2.6 Boiling Range Uncertainty with Inverted Inoue et al. Correlation . . . . 134
B – Phase Equilibrium Calculation 137
B.1 Gamma-Phi Approach . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 137
B.2 UNIFAC Method . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 138
B.3 Bubble-T and Dew-T Routines . . . . . . . . . . . . . . . . . . . . . . . . . . 141
C – Validation of Multicomponent Correlations 143
C.1 Several Binary Mixtures (Fujita and Tsutsui, 1997) . . . . . . . . . . . . . . . 143
C.2 Acetone/Isopropanol/Water Mixture (Vinayak Rao and Balakrishnan, 2004) . . 144
C.3 Propane/i-Butane/n-Butane Mixtures (Kotthoff and Gorenflo, 2008) . . . . . . 144
C.4 Mixture Correlations Results . . . . . . . . . . . . . . . . . . . . . . . . . . . 144
14
1 Introduction
Lots of projects in Engineering have a common limiting condition: the components
maximum working temperature. This specification becomes important when, for example, there
are heat sources, such as electrical currents, chemical reactions or mechanical frictions. To
overcome this problem, either the heat source is controlled or the components are designed to
dissipate the heat enough to maintain the temperature within its specification.
Heat dissipation can happen in many different manners, for example by conduction,
convection and radiation. However, when liquid is surrounding the heated surface and the heat
flux is high enough, boiling can take place. This phenomenon allows truly high heat transfer
coefficients and, therefore, is one of the most efficient methods to dissipate heat from a surface.
For this reason, boiling has been investigated all over the world in the most important research
centers. Nevertheless, this is a very complex process, because it involves several concepts of
heat transfer, thermodynamics and fluid mechanics, like phase change and multiphase flow.
In the 15th chapter of the Handbook of Heat Transfer, Prof. Geoffrey Hewitt de-
scribes boiling as "(...) being the process of addition of heat to a liquid in such a way that
generation of vapour occurs."1 (Hewitt, 1998). In other words, boiling is a heat transfer phe-
nomenon where phase change to vapor is mandatory. It can take place in several conditions,
such as: pool boiling (object of the present study), where the fluid is quiescent and it only
presents motion due to buoyancy; cross flow boiling, where there is forced flow over an exter-
nal heating surface; convective boiling in channels, where there is evaporation of a fluid flowing
through a tube; and others.
The pioneer who described pool boiling as we know was Shiro Nukiyama in the
1930’s (Nukiyama, 1934), when he observed different boiling regimes: nucleate and film boil-
ing (he did not find transition boiling because his test was power-controlled). He also identified
the two critical points: the Critical Heat Flux (CHF) or Nukiyama Point, and the Minimum
Heat Flux (MHF) or Leidenfrost Point. Those regimes and parameters are better explained in
the theory review in Chapter 2. After his work, the boiling curve became a common represen-
tation of boiling results, where it is possible to observe the correlation between heat flux and
1In the reference, the full sentence can be found in Chapter 15, Page 15.1, 2nd Paragraph
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wall superheat,which is the difference between the surface temperature and the fluid saturation
temperature.
Since then, researchers have studied several conditions to analyze their effects on
the boiling curve, such as tests with different fluids, confinement of the heating surface, boiling
in sub-cooled liquid, mixtures of components, surface effects, boiling at different pressures,
among other cases. These parameters significantly increase the complexity of the phenomenon,
because concepts like bubble formation, mass transfer, and phase equilibrium become impor-
tant.
This effort is explained by the increasing demand for engineering projects involv-
ing boiling. Nuclear engineering, microelectronics, refrigeration and transportation are some
examples of applications. In the latest years, the automotive industry in Brazil presented a new
application: fuel heating for cold start and emissions control of Otto internal combustion en-
gines (ICE). Before discussing boiling on fuel heating systems, it is interesting to understand
the motivations that led to this solution.
The Brazilian automotive business has been experimenting ethanol-fueled vehicles
since 1925 (Naveiro, 2012). However, the greatest boost happened in the 1970’s, when the
1973 and the 1979 Oil Crises took place (Instituto de Pesquisa Econômica Aplicada, 2010).
The Brazilian government started the Pro-Alcohol Program with the intention of improving and
increasing the production of automobiles fueled with ethanol from sugar cane. Nevertheless, in
the late 1980’s, there was a phase of ethanol decadence because of the preference to produce
sugar for exportation due to its favorable price. Also, the oil price dropped substantially, which
motivated the use of gasoline again.
The second great impulse of ethanol as an automotive fuel was with the advent of
the FlexFuel Technology. In 2003, Brazilians witnessed the launching of the first FlexFuel
vehicle: the Volkswagen Gol Power 1.6 liters Total Flex, with a system control unit provided
by Magneti Marelli (Automotive Business, 2013). Nowadays, about 90% of the cars in Brazil
have this technology.
One major issue every ethanol-fueled engine has is the cold start performance. Be-
cause of its high flash point and low vapor pressure, starting the engine using only ethanol and
at temperatures lower than 15 ∘C becomes a difficult task. The engine cold-starting at tem-
peratures lower than 10 ∘C is practically impossible if using only the conventional port fuel
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injection system (Sales and Sodré, 2012a). The automakers used a secondary gasoline fuel line
to perform the engine cold start, which overcame this issue. However, this solution is not only
expensive but also annoying for the final user, who must constantly keep the auxiliary tank filled
with leaded gasoline (to avoid resin deposit from oxidative degradation of common gasolines).
Therefore, the automotive companies proposed the solution of fuel heating before
and during the engine starting. Then, ethanol would reach the cylinder head (in PFI – Port-Fuel
Injection – cases) in a proper condition to enable combustion and sustain the engine working. In
this case, the final user would no longer concern about filling the tank of an auxiliary cold-start
fuel line. Moreover, using heated ethanol during the engine warm-up significantly decreases
pollutants emission (Sales and Sodré, 2012b). In fact, Huang and Hong, 2016 showed substan-
tial reduction of CO and HC emissions when using heated fuel in EDI (Ethanol Direct Injection)
engines as well.
For the better comfort of the final user, it is important to heat the fuel as fast as
possible. Performing the heating for a long time can make the user annoyed and unsatisfied with
the product. It means it is necessary to use high power to heat up the fuel. As the components
employed in engines are usually small, this high power is dissipated through small surface areas,
which means high heat fluxes. Hence, boiling takes place.
Fuel heating systems involve many parameters and conditions that increase the com-
plexity of the phenomenon. Some examples are:
1. Heating takes place both when the fluid is stationary (before starting the engine) and when
there is fuel flow (when the engine and fuel injectors are working).
2. To ensure fitting the components within the engine compartment, it is important to design
them as compact as possible. Nevertheless, this can cause fuel heater confinement, which
interferes the vapor releasing and, therefore, affects the surface rewetting and decreases
the critical heat flux.
3. The fluid is pressurized and sub-cooled, which adds two parameter effects to the problem.
4. The components sizes are limited to comply with the engine layout and the geometry is
restricted by patents, which becomes harder to work far below the critical heat flux (high
power through small surfaces).
5. Because of the FlexFuel technology, the heated fuel can be hydrous ethanol, gasoline
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(which is already by itself a mixture of hundreds of hydrocarbons) or a mixture of both
in any proportion.
6. The vapor formation must be controlled. Otherwise, if there is too much vapor, the fuel
injection will not anymore be adequately controlled by the electronic system and the
engine may not start or work satisfactorily.
7. If the heater is not cooled down enough (for example, if it reaches the CHF), it can burn
out and even destroy adjacent plastic components (like fuel rail or fuel injectors).
As presented, many conditions must be evaluated to understand thoroughly and
appropriately design fuel heating systems. If it concerns the reader, the Oliveira et al., 2016
technical paper presents a brief understanding of involved phenomena in these systems.
One of the complexities mentioned before is the mixture of ethanol and gasoline
in any proportion, which significantly affects the heat transfer coefficient. Although there are
several models that could predict this coefficient for ethanol (examples are: Stephan and Ab-
delsalam, 1980; Ribatski and Saiz Jabardo, 2003; Jung et al., 2004; and Gorenflo, 2010), it is
practically impossible to estimate it for gasoline. This difficulty is because gasoline is a mix-
ture of hundreds of hydrocarbons and, therefore, it is hopeless to calculate its phase equilibrium
parameters or mass diffusion coefficients (information usually needed for mixture correlations).
Boiling in mixtures is still widely studied because of many applications where it is
present (mainly in refrigeration and petroleum refinery). In fact, research on binary mixtures is
much more numerous than on multicomponent mixtures because this last one is too longstand-
ing, which discourages many researchers. For this reason, there are many correlations in the
literature for boiling in binary mixtures (for example, Unal, 1986; Thome and Shakir, 1987;
Fujita and Tsutsui, 1994; and Vinayak Rao and Balakrishnan, 2004). Their application for mul-
ticomponent mixture has also been studied and discussed (Thome and Shock, 1984; Vinayak
Rao and Balakrishnan, 2004; Fujita and Tsutsui, 2004), although it is still required further in-
vestigation on multicomponent nucleate boiling.
Studies with multicomponent mixtures like gasoline are also challenging for other
research fields, for instance, combustion, spray analysis, and droplet evaporation. There is an
effort to model gasoline as a simpler mixture of hydrocarbons to ease calculations that predict
its behavior. Several works could be cited about gasoline surrogates (Elwardany et al., 2013;
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Su and Chen, 2015; Al Qubeissi et al., 2015) and gasoline-ethanol blends modeling (Pumphrey
et al., 2000; French and Malone, 2005; Neroorkar and Schmidt, 2011). The main idea in these
works is to substitute gasoline for a mixture of several components (hydrocarbons) or quasi-
components. Modeling it as a single component is also possible, but it provides much lower
accuracy (Neroorkar and Schmidt, 2011; Al Qubeissi et al., 2015).
With that said, it is evident the difficult task to predict nucleate boiling with gasoline
or gasoline-ethanol blends, which is necessary to design fuel heating systems to work properly
and safe. The only works so far found by the author on boiling in gasoline-ethanol blends are
Kusumowardhoyo and Hardianto, 1985, and Kusumowardhoyo and Subiakto, 1984. However,
they did not present much information about the experimental results and gave very few detail
on the use of their proposed correlation.
The present work follows the trend in other research fields and intends to predict
nucleate boiling in gasoline-ethanol blends by modeling gasoline as a single hydrocarbon or a
mixture of few hydrocarbons. Experiments with anhydrous ethanol, gasoline (PETROBRÁS
S-50) and their mixtures were performed at four different pressures. Tests were also carried
out with two hydrocarbons to aid the choice of the boiling correlation in the calculations. The
decision of the hydrocarbons to compound the gasoline surrogates was based on the detailed
gasoline composition given by Al Qubeissi et al., 2015, while the mole fraction of each com-
ponent was set by using Monte Carlo method to search the mixture composition that matched
better the experimental results.
It is expected that, with the new experimental data and the surrogates to calculate
heat transfer coefficients in gasoline and gasoline-ethanol blends, the present work will provide
helpful information to design components in fuel heating systems. Also, the novel method to
model nucleate boiling heat transfer in mixtures of many components might be useful in other
applications, like refrigeration.
1.1 Thesis Outline and Reader Guidance
The structure of this Ph.D. Thesis is the following:
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∘ Chapter 2 is a theory overview on pool boiling, nucleate boiling, phase equilibrium and
boiling in binary and multicomponent mixtures, including correlations to calculate heat
transfer coefficients in nucleate boiling of pure components and mixtures. In the end,
there is a discussion on gasoline modeling in other research fields and how the gasoline
modeling is done in the current work.
∘ Chapter 3 presents the experimental apparatus used in the present work, beginning with
the introduction of the components utilized in the test rig. Also, it is shown the process
to project the boiling apparatus, including a Mind-Map of possible concepts to use and
calculations to guarantee the components would withstand all the mechanical and ther-
mal loads. Then, the test section is presented with its characteristics. Finally, the test
methodology and data processing are covered.
∘ Chapter 4 initially shows experimental results for anhydrous ethanol, n-pentane and n-
heptane to validate the pure component correlation that is later used in gasoline modeling
and gasoline-ethanol blends calculations. After, results for pure gasoline and gasoline-
ethanol blends are shown and discussed. Finally, modeling of nucleate boiling in gasoline
is done, beginning with a calibration of the Monte Carlo number of iterations and choice
of the surrogates to be analyzed. This step ends with the evaluation of these surrogates
behavior when mixed with ethanol and a proposed gasoline-ethanol phase diagram.
∘ Chapter 5 is the conclusion of the present work, summarizing all the finding with a brief
discussion of the results.
∘ Chapter 6 presents suggestions for future works.
∘ Appendix A presents in detail the uncertainties analysis; Appendix B shows the phase-
equilibrium calculations, necessary for mixture boiling correlations; Appendix C com-
pares some mixture boiling correlations with experimental data available in literature, in
order to validate their calculation.
This text was written to make possible the separate reading of the chapters, depend-
ing as little as possible on information in the other sections. It is suggested to the reader to go
straight to the topic or subject of interest. Therefore, if the reader interest is about:
∘ Boiling correlations (both pure and mixture), go to Chapter 2 sections 2.3. For mixture
correlations it is also suggested Appendix C.
20
∘ Gasoline and gasoline-ethanol blends modeling, go to Chapter 2 section 2.4 for literature
review and Chapter 4 sections 4.5.2 and 4.5.3 to see models used in the present work for
nucleate boiling and their behavior when mixed with ethanol.
∘ The experimental apparatus by itself, go to Chapter 3 section 3.1.
∘ Project of boiling test rig, go to Chapter 3 sections 3.1.2 and 3.1.3.
∘ All experimental data, go straight to the beginning of Chapter 4.
∘ All the results and discussion, go to Chapter 4.
∘ Results with anhydrous ethanol, go to Chapter 4 section 4.1.1.
∘ Results with n-pentane and n-heptane, go to Chapter 4 section 4.1.2.
∘ Evaluation of boiling correlations in pure components, go to Chapter 4 section 4.2.
∘ Experimental results with gasoline with discussion, go to Chapter 4 section 4.3.
∘ Experimental results with gasoline-ethanol blends with discussion, go to Chapter 4 sec-
tion 4.4.
∘ The proposed phase diagram for gasoline-ethanol mixture at 102 𝑘𝑃𝑎, go straight to the
end of Chapter 4 section 4.5.3.
∘ Phase equilibrium calculation, go straight to Appendix B.
∘ The conclusions of the present work, go to Chapter 5.
∘ Suggestions for future works, go to Chapter 6.
1.2 Publications From the Present Work
A list of the publications derived or related to the present work is shown below in
the chronological order.
∘ Congress Communications:
1. OLIVEIRA, A. V.; SANTOS, R. G.; Temperaturas Críticas de Ebulição do Etanol
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com Gotículas Sobre Superfície Aquecida, IV Escola de Combustão, Belém, PA,
Brazil, 2013.
Conference Poster presentation.
2. OLIVEIRA, A. V.; SANTOS, R. G.; Project of a nucleate pool boiling test rig for
high pressure and high temperature, 22nd International Congress of Mechanical En-
gineering (COBEM), Vol. cd, pp. 1 - 10, Ribeirão Preto, SP, Brazil, 2013.
Published conference paper with oral presentation.
3. OLIVEIRA, A. V.; MEDEIROS FILHO, D. L.; SANTOS, R. G.; Determination of
boiling critical temperatures of pure and binary mixtures of water and ethanol by
droplet evaporation, IV Journeys in Multiphase Flows (JEM2015), Campinas, SP,
Brazil, 2015.
Published conference paper with poster presentation.
4. OLIVEIRA, A. V. S.; ALEGRE, G. H. M.; SANTOS, R. G.; WINDLIN, F. L.; Fenô-
menos de Termodinâmica e Transferência de Calor em Sistemas de Aquecimento de
Combustível para Partida a Frio de Motores de Combustão Interna, Blucher Engi-
neering Proceedings, Vol. 3, pp. 189 - 201, 2016.
Published conference paper with oral presentation.
5. OLIVEIRA, A. V. S.; ALEGRE, G. H. M.; SANTOS, R. G.; Accuracy of Boil-
ing Correlations on Nucleate Boiling with Ethanol Using a Thin Platinum Wire at
Different Pressures, 16th Brazilian Congress of Thermal Sciences and Engineering
(ENCIT), Vitória, ES, Brazil, 2016.
Published conference paper with oral presentation.
∘ Submitted and reviewing:
1. OLIVEIRA, A. V. S.; ALEGRE, G. H. M.; SANTOS, R. G.; A Comprehensive
Experimental Study on Nucleate Boiling in Gasoline and Gasoline-Ethanol Blends.
Paper submitted to Elsevier journal "Experimental Thermal and Fluids Science"
waiting for reviewers answer.
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∘ To be submitted:
1. OLIVEIRA, A. V. S.; ALEGRE, G. H. M.; SANTOS, R. G.; Nucleate Boiling Heat
Transfer in Gasoline Fuel at Different Pressures.
Paper under work to be submitted to the 9th World Conference on Experimental Heat
Transfer, Fluid Mechanics and Thermodynamics (ExHFT-9 2017).
2. OLIVEIRA, A. V. S.; ALEGRE, G. H. M.; SANTOS, R. G.; Predicting Nucleate
Boiling in Gasoline-Ethanol Blends Using Models of Hydrocarbons-Ethanol Multi-
component Mixtures (Title to be defined).
Paper under work to be submitted to Elsevier journal "International Journal of Heat
and Mass Transfer".
3. OLIVEIRA, A. V. S.; ALEGRE, G. H. M.; SANTOS, R. G.; Gasoline-Ethanol
Phase Diagram from Nucleate Boiling Experimental Results (Title to be defined).
Paper under work to be submitted to Elsevier journal "Fluid Phase Equilibria" or
"Fuel".
1.3 Sponsorship
This work was fully sponsored by the R&D Department of Magneti Marelli Power-
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2 Theory Overview
This chapter introduces the boiling theory, including correlations to calculate heat
transfer coefficients in nucleate boiling, and discusses gasoline modeling in recent works. These
topics are covered in the following order: pool boiling, nucleate pool boiling, nucleate boiling
in mixtures, pool boiling correlations and gasoline modeling.
2.1 Pool Boiling and Nucleate Boiling
Pool boiling consists of a heating surface immersed in a quiescent fluid, being the
buoyancy effect the only cause of fluid motion (either free convection or bubble growth and
detachment). Nukiyama, in 1934, was one of the firsts to describe boiling with the boiling
curve, which is illustratively shown in Fig. 2.1a. Figure 2.1b presents another boiling curve
obtained when using the temperature controlled process, which is better explained in the next
paragraph. In both figures, the arrows indicate the direction of the input change (heat flux or
temperature).
(a) Power controlled boiling curve. (b) Temperature controlled boiling curve.
Figure 2.1: Illustrative boiling curves for different test methodologies.
These curves relate the heat flux through the heating surface with its temperature –
actually, it is commonly presented as the surface superheat, which is the difference between its
temperature and the fluid saturation temperature. There are two different ways to perform the
test: controlling the heating power or the surface temperature. If the power is controlled, the
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result is the full lines and arrows in Fig. 2.1a. The upward arrows indicate the result obtained
with increasing heat flux, while the downward arrows indicate the result with decreasing heat
flux. On the other hand, if the surface superheat is controlled, the result of the boiling curve is
the filled line presented in Fig. 2.1b. The arrows in this figure also indicate the direction of the
temperature change, which is explained later.
It is also common to present boiling behavior in a plot relating the heat transfer
coefficient, which is defined by Newton’s Cooling Law (Eq. 2.1), and the heat flux through
the heating wall. This representation is preferred in the current work to show the experimental






𝑇𝑤 − 𝑇𝑠𝑎𝑡 (2.1)
When the heat flux through the heating surface increases, its temperature also in-
creases and starts to transfer heat to the fluid by free convection. Even when the wall tem-
perature is higher than the fluid saturation point, convection may still take place without any
presence of boiling. Only after a minimum wall superheat is achieved (sufficient to activate a
nucleation site) that boiling begins. This point is called the Onset of Nucleate Boiling (ONB),
shown in Fig. 2.1.
This phase change process enhances heat transfer and, therefore, or the wall temper-
ature decreases (if it is a power controlled process) or the heat flux increases (if it is a tempera-
ture controlled process). Once one nucleation site is activated, the nearby sites start to release
bubbles as well. It can happen rapidly (simultaneous activation) or not (partial activation). This
effect is present only in increasing input process, as the active nucleation sites remain still active
during decreasing input.
From this point on, it begins the nucleate boiling regime, in which isolated bubbles
leave the heating surface. With increasing heat flux, more and more bubbles are generated until
achieving fully developed boiling regime, in which latent heat transfer plays a major role in
heat dissipation and all the nucleation sites are activated. When the vapor formation becomes
excessive, the fluid cannot reach and rewet the surface anymore because of the creation of a
small isolating vapor film (Critical Heat Flux – CHF). When it is a power-controlled process,
the temperature increases steeply to high values (the upper arrows in Fig. 2.2) and film boiling
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condition takes place. The vapor layer is stable and, now, the main heat transfer from the wall
to the fluid is radiation. On the other hand, if the process controls the heater temperature, the
wall will be partially in contact with the fluid, and a combination of nucleate and film boiling
takes place, which is called transition boiling.
Figure 2.2: Pool boiling regimes for the controlled heat flux case.
Boiling applications in engineering commonly intend to work in the nucleate regime
because of high heat fluxes with small temperature differences between the surface and the fluid
saturation temperature. For example, take the boiling curve shown in Figure 2.3 extracted from
the book Fundamentals of Heat and Mass Transfer (Incropera et al., 2006) for saturated water
at atmospheric pressure. While in nucleate boiling the highest heat flux happens when the wall
temperature is about 130 ∘C (considering water boiling point as 100 ∘C), the same heat flux is
only achieved in film boiling with more than 1000 ∘C wall superheat. This temperature could
damage most of the components, as only a few materials can withstand this thermal condition.
Figure 2.3: Boiling curve for saturated water at 1 atm (Incropera et al., 2006)
The present work studies only the nucleate boiling regime. This phenomenon has
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been hardly studied by several research groups, being its mechanisms and characteristics widely
discussed, with several parametric effects explained. Table 2.1 presents some examples of bib-
liography for a better understanding of nucleate boiling mechanisms. Also, many correlations
have been proposed, both for pure components and mixtures (to be discussed and presented in
section 2.3). These suggestions of bibliographies and correlations were significant during the
author study on nucleate boiling for the present work. Nevertheless, it does not exclude the im-
portance or relevance of other bibliographies that are not given in Table 2.1 (either with similar
studies or not).
2.1.1 Parametric Effects on Nucleate Boiling
The mechanisms and behavior of nucleate boiling can be affected by external pa-
rameters and system conditions. Some examples are pressure, sub-cooling, confinement, mix-
ture, surface finish, direction and rate of heat flux change, gravity, dissolved gases, wall thermo-
physical properties, and size. For better alignment with the purpose of the present work, only
the relevant parameters for this research are presented. They are briefly presented in Table 2.2
with information from several books and papers (some examples are: Celata et al., 1994; Fujita
and Bai, 1997; Hewitt, 1998; Pioro et al., 2004; Mitrovic, 2006; Gorenflo et al., 2014).
Although discussion of parametric effects usually consider them as separate phe-
nomena, it is pretty common to find those effects superposed and influencing each other. For
example, it is hard to evaluate the solid thermal conductivity effect without isolating the sur-
face roughness effect, or the influence of fluid thermophysical parameters when working with
mixtures.
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Table 2.1: Summary of some nucleate boiling studies references.
REFER. STUDY AND CONCLUSIONS
Ishibashi and
Nishikawa, 1969
Very important work about confined boiling. They identified two regimes:
isolated and coalesced bubbles (in this last one it is found greater heat
transfer coefficients). Increasing pressure decreases the confinement effect.
Golobicˇ and
Bergles, 1997
Side factors of the heated surface (thickness, density, thermal conductivity
and effusivity) are analyzed to understand their effect on CHF. They found
that the larger the thickness, the higher the CHF, although it also depends on
the material thermophysical properties.
Kandlikar
et al., 1997
They evaluated the effect of the heating method on boiling heat transfer. The
heat transfer coefficient using electrically heated method is lower than using
fluid heated method. Furthermore, a numerical analysis showed that this
difference decreases with the increasing thickness of the heating wall.
Theofanous
et al., 2002a
In this first part of the work, the authors discuss some results about boiling
mechanisms. For example, they observed that the center of the bubble
nucleation site is both the hottest and coldest spot on the surface (depending
on the moment of bubble formation). They also verified the aging effect and
proved it affects significantly boiling heat transfer.
Theofanous
et al., 2002b
This second part of the work is dedicated to the boiling crisis condition (or
irreversible dryout). The authors show that there is a significant cool-down
of the nucleation site before an irreversible dry-spot is observed. Aged
heaters present higher CHF than fresh heaters.
Stephan and
Kern, 2004
They analyzed parameters that affect nucleate boiling heat transfer in micro
and macro-scale. In mixtures and microscale view, the effective saturation
temperature near the heated wall leads to the heat transfer coefficient
degradation. On the macro-scale, transient heat conduction and evaporation
at the vapor bubble phase interface play an essential role in heat transfer.
Pioro
et al., 2004
This paper is a review of parametric effects of boiling surface on nucleate
pool boiling heat transfer. They explain how boiling characteristics are
affected by surface characteristics (like surface microgeometry,
thermophysical properties, thickness, contact angle, orientation and others).
The authors suggest more studies on surface effects.
Kim
et al., 2006
The authors used infrared technology to evaluate the heated surface wetted
area in subcooled pool boiling. They observed that the larger the
subcooling, the higher the CHF, as well the larger the subcooling and the
higher the heat flux, the larger the triple phase contact line density.
Mitrovic, 2006
After a review in boiling research history, the author presents thoughts about
the surface condition for heat transfer enhancement. Instead of thinking in
surface crevices, he suggests the use of microprotrusions to increase the
contact line heat transfer and, hence, the heat transfer coefficient.
Kim, 2009
By reviewing bubble growth models, the author concluded that the main
heat transfer phenomena are transient conduction and micro-convection.
Other mechanisms, like microlayer evaporation and contact line heat
transfer, are less significant (not more than 25% of the overall heat transfer).
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Table 2.2: Effects of parameters on nucleate boiling and CHF
PARAMETER NUCLEATE BOILING CRITICAL HEAT FLUX
Pressure
Higher pressure → Lower ONB
superheat (usually) and smaller
bubbles diameter.
Initially, CHF increases with
increasing pressure; however, after a







For well-wetting surface, no
significant change. The larger the
contact angle, the lower the CHF.
Mixture
Decreases heat transfer
coefficient in comparison with
an ideal coefficient.
Depends on the Marangoni flow type.
Positive mixture → CHF increases.




Nucleation site remains active
even if lowering the heat flux
below the ONB point.
Not applicable.
Surface Size
Very thin thickness (coating)
can decrease the heat transfer
coefficient.
Smaller diameter → Higher CHF.
2.1.2 Critical Heat Flux (CHF)
Even though this is not the main topic and concern of the present work, it is nec-
essary to discuss a few about this important phenomenon in nucleate boiling. The CHF is
the condition where the fluid cannot rewet the nucleation site, so it dries out and its temper-
ature steeply increases. It creates a small vapor cushion that acts as a thermal insulator and,
consequently, increases the size of the dryout area and, again, increases further the surface
temperature (Theofanous et al., 2002b).
As said in Table 2.2, CHF, at first, increases with pressure and then it decreases
when the pressure increases further. As the present study is at relatively low pressures (never
more than 12% the component critical pressure), it is expected to see only an increasing CHF
with the increasing pressure.
One famous correlation to estimate the CHF in pure components and that presents
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good agreement with experimental data was proposed by Zuber (apud Gorenflo, 2010) (Eq. 2.2).
𝑞”𝑤,𝐶𝐻𝐹 = 𝐾𝑧𝐻𝑙𝑔𝜌
0.5
𝑔 [𝜎𝑔 (𝜌𝑙 − 𝜌𝑔)]0.25 , 𝐾𝑧 = 𝜋/24 (2.2)
Since CHF is affected by the surface size (see Table 2.2), there is a correction factor
dependent on a characteristic dimension 𝐿 (for instance, the tube or wire radius) (Lienhard and




𝑟 , 𝐿𝑟 = 𝐿
√︂
𝑔 (𝜌𝑙 − 𝜌𝑔)
𝜎
(2.3)
Then, Eq. 2.2 takes its final form as shown in Eq. 2.4.
𝑞”𝑤,𝐶𝐻𝐹 = 𝐾𝐿𝐾𝑧𝐻𝑙𝑔𝜌
0.5
𝑔 [𝜎𝑔 (𝜌𝑙 − 𝜌𝑔)]0.25 (2.4)
2.2 Introduction to Nucleate Boiling in Mixtures
The presence of other fluids significantly affects boiling heat transfer. The heat
transfer coefficient is degraded when compared to an ideal coefficient (ℎ𝑖𝑑), which is the
weighted arithmetic mean of the convective thermal resistance of each fluid in the mixture,
being the weights the components mole fractions in the liquid phase. Mathematically, it is









Although there are several explanations and theories for the degradation effect
(Thome and Shock, 1984; Celata et al., 1994; Fujita and Tsutsui, 1994; Vinayak Rao and
Balakrishnan, 2004; Stephan and Kern, 2004), the most accepted ones are: (a) the increase
2apud Celata et al., 1994
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of local saturation temperature due to preferential evaporation of the more volatile components;
(b) slow mass diffusion of the more volatile components to the heating surface; (c) effects of
mixture on nucleation sites (bubble formation and site density); and (d) non-linear change of
thermophysical properties in mixtures.
Pressure has a significant effect on mixture boiling. As it happens for pure compo-
nents, the increasing pressure usually increases the heat transfer coefficient, although much less
pronounced than in pure components. In fact, the heat transfer coefficient degradation com-
pared to the ideal is greater with increasing pressure. One possible reason for this effect is the
decreased bubble size with greater pressures, which also decreases the enhanced convection
caused by bubble detachment (Celata et al., 1994).
Many references are available in literature about boiling in mixtures (additionally to
the ones mentioned in the previous paragraph, there are Hewitt, 1998; Fujita and Tsutsui, 2002;
Fujita and Tsutsui, 2004; Kotthoff and Gorenflo, 2008; Peyghambarzadeh et al., 2009; Goren-
flo, 2010). For the present theory outline, it is firstly presented phase equilibrium concepts,
which are important information when researching mixture boiling, then basics on binary and
multicomponent mixtures. Comments on CHF in mixtures are found at the end of this section.
Afterwards, correlations for mixture boiling is presented and discussed in subsection 2.3.2. In
the case of the reader desire for another overview on mixture boiling, it is suggested to read
Chapter 2 of Schlindwein Master Dissertation (Schlindwein, 2006).
2.2.1 Phase Equilibrium
Thermodynamics of vapor-liquid equilibrium (constantly referred as VLE in liter-
ature) is widely studied, mainly in chemical engineering. Its basic concepts are important for
understanding mixture boiling. As this section only discusses the physics of phase equilib-
rium, details of the calculations regarding this topic (which were used in the present work) are
presented in Appendix B.
By definition, a system is in thermodynamic equilibrium when all the potential en-
ergies are in equilibrium and there is no kind of energy or mass transfer within it. The energies
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that are usually considered in phase equilibria are mechanical, thermal and chemical, while
others are neglected, like potential energies (electromagnetic or gravitational, for example).
Consequently, the most important properties to be considered in these calculations are pressure,
temperature, densities and concentrations (Prausnitz et al., 1998).
For a pure component, the vapor-liquid equilibrium reduces to only a pressure-
temperature correlation, known as saturation condition. However, when it is a binary or multi-
component mixture, the compositions, both in liquid and vapor phases, become necessary for
the calculation (usually expressed in mole fractions – x for the liquid-phase composition and y
for the vapor-phase composition). The sum of the liquid and the vapor compositions, separately,
must be one (Eq. 2.6 and Eq. 2.7, respectively).
𝑁𝑐𝑜𝑚𝑝∑︁
𝑖=1
𝑥𝑖 = 1 (2.6)
𝑁𝑐𝑜𝑚𝑝∑︁
𝑖=1
𝑦𝑖 = 1 (2.7)
In a mixture, there will always be a more volatile component (with lower saturation
temperature) and a less volatile component (with higher saturation temperature). It means that
there is a preferential evaporation of the more volatile component with the increasing tempera-
ture and, for this reason, the liquid and vapor compositions might be different. It is said it might
be different because there is a possibility of being the same when there is an azeotrope, which
makes the mixture behave similarly to a single component.
For a visual aid, Fig. 2.4a presents an illustration of an ideal mixture (or nearly
ideal), while Fig. 2.4b shows an illustrative phase diagram of a non-ideal mixture, evidencing
the azeotrope. Examples of nearly ideal mixtures are simple hydrocarbons mixtures (aliphatics
and aromatics), while examples of non-ideal mixtures are hydrocarbon/alcohol or water/alcohol
mixtures.
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(a) Ideal mixture phase diagram. (b) Non-ideal mixture phase diagram.
Figure 2.4: Illustrative representation of types of phase diagrams: (a) Ideal mixture. (b) Non-
ideal mixture.
2.2.2 Binary Mixtures
Figure 2.5 will be used as a qualitative example to explain the mechanisms of mix-
tures. Although this example is a binary mixture, the concept extends to multicomponent mix-
tures as well, which is better discussed later.
Figure 2.5: Illustrative example of a binary mixture phase diagram with its main parameters.
Consider an ideal binary mixture with a initial composition 𝑥𝑖𝑛𝑖𝑡𝑖𝑎𝑙 (Fig. 2.5). When
the temperature increases to the bubble point, the more volatile component evaporates more
intensively than the other. If the temperature continues increasing (𝑇𝑚), its composition de-
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creases in both liquid (𝑥𝑚) and vapor phases (𝑦𝑚). When it reaches the dew point, the vapor
composition is the same as the initial liquid temperature (𝑦𝑓𝑖𝑛𝑎𝑙 = 𝑥𝑖𝑛𝑖𝑡𝑖𝑎𝑙), as all the liquid has
evaporated.
Later, when mixture boiling correlations are discussed, two parameters from the
phase diagram become important: the boiling range (∆𝑇𝑏𝑝) and the difference between vapor
and liquid compositions (𝑦 − 𝑥), both presented in Fig. 2.5. These parameters were widely
studied to investigate their effect on heat transfer degradation. In general, the greater the boiling
range and the compositions difference, the greater the heat transfer coefficient degradation. For
this reason, they are very often found in mixture correlations.
Similar behavior occurs in non-ideal mixtures, however with a slight difference.
When looking at Fig. 2.4b, it is possible to see that, for mixture compositions at the left of the
azeotrope point, the vapor composition of the lighter component is greater than its fraction in
the liquid-phase. Nevertheless, at the right side of the azeotrope, it is the opposite situation: the
liquid-phase mole fraction of the lighter component is greater than in the vapor phase.
As it happens with the saturation temperature of a pure component, both bubble and
dew points increase with the increasing pressure. Moreover, the azeotropic composition changes
with pressure, as shown in Fig. 2.6, which presents the ethanol/n-hexane phase diagrams at
several pressures.
Figure 2.6: Ethanol/n-hexane phase diagrams showing pressure effect.
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2.2.3 Multicomponent Mixtures
The characteristics of multicomponent mixtures are not much different of binary
mixtures. The physics of preferential evaporation of more volatile components with increas-
ing temperature is still valid, as well as the existence of the boiling range and the vapor-liquid
compositions difference. The main difference is the presence of one or more intermediate com-
ponents between the lighter and the heavier components.
As well as there is the phase diagram for binary mixtures, there are ternary plots for
graphical representation of ternary systems. Figure 2.7 is an illustrative example to understand
how to read this type of plot. Taking a point P in the ternary plot, one can find the mixture
composition by tracing lines parallel to the triangle edges. The intersections of these lines with
the edges give the composition of each component of the blend. Note that the vertices of the
triangle represent each pure component 𝑖 (𝑥𝑖 = 1), while the edges are binary mixtures lines, as











Figure 2.7: Illustrative guide to read ternary plots.
Figures 2.8 and 2.9 are examples that represent, respectively for ideal and non-ideal
mixtures, the bubble point, dew point and boiling range according to the mixture composition
(all of them calculated as presented in Appendix B). Especially in Fig. 2.9 where the boiling
range is zero, it is possible to see two azeotropic points on the binary mixture lines of ethanol
with each hydrocarbon.
If there are more than three components in the mixtures, graphic visualizations be-
come more difficult. However, it is still possible to calculate bubble and dew points (and, con-
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Figure 2.8: Ideal ternary mixture. From left to right: bubble point, dew point and boiling range
variation with the composition.
Figure 2.9: Non-ideal ternary mixture. From left to right: bubble point, dew point and boiling
range variation with the composition.
sequently, the boiling range), as well as the liquid and vapor composition of each component.
The methodology is the same and it is presented in Appendix B.
As said before for binary mixtures, the increasing pressure increases as well bubble
and dew points and might change the azeotrope point (if it is a non-ideal mixture).
2.2.4 Critical Heat Flux in Mixtures
The mechanism of CHF in mixtures is similar to the pure component: fluid depriva-
tion to rewet the nucleation site and, therefore, temperature increase and vapor film formation.
However, the effect of mass transfer and evaporation of the more volatile component become
significant and influence the mixture CHF.
For example, at first, it was thought that, in comparison with the pure components,
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CHF in mixtures was always enhanced because of an induced subcooling effect on the heating
surface. It happens because of the interface temperature increase caused by the lack of the more
volatile component near the heating wall. Moreover, it was observed that a CHF local minimum
occurs at the azeotrope point, as well as the maximum CHF was found where the maximum
difference between liquid-phase and vapor-phase compositions was observed (Hewitt, 1998).
Nevertheless, Fujita and Bai, 1997 showed that CHF can also decrease with mix-
tures depending on the Marangoni flow direction: in a namely positive mixture, the Marangoni
flow is centripetal and induced towards the nucleation site, which aids its rewetting and, there-
fore, the CHF is increased; in a namely negative mixture, the Maragoni flow is centrifugal and
induced outward the nucleation site, hindering its rewetting and, hence, the CHF is reduced.
Again, CHF is not the main subject of the present thesis. However, this information
might aid the results analysis in Chapter 4.
2.3 Pool Boiling Correlations
One of the greatest challenges in boiling research is to find accurate correlations to
predict the heat transfer coefficient. Even for pure components, it is still widely investigated
and new correlations are constantly proposed to achieve a general equation applicable to any
condition. This task becomes more difficult when it is a mixture because of the presence of more
conjugated phenomena, like mass transfer, increased local saturation temperature, Marangoni
flow and others. Together with other effects also present in pure components, like pressure and
heat flux, the existence of a mixture correlation usable for any case is still quite far from reality.
In the next topics, some pure component and mixture correlations are presented
and discussed. It is important to understand their background once they will be used to model
gasoline and, hence, increase the physical meaning of the calculations in the present work.
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2.3.1 Pure Component Correlations
One of the first correlations that presented reasonable accuracy and considered
liquid-surface interaction was proposed by Rohsenow, in 1952. Since then, many boiling cor-
relations looking for better accuracy have been proposed to predict the heat transfer coefficient
for pure components. In this work, eight correlations were studied and tested (in chronolog-
ical order: Rohsenow, 1952; Stephan and Preusser, 19793; Stephan and Abdelsalam, 1980;
Cooper, 19843; Gorenflo, 1993; Ribatski and Saiz Jabardo, 2003; Jung et al., 2004; and Goren-
flo, 2010). However only the ones that presented good fit with the present experimental data or
that were used to validate multicomponent correlations (see Appendix C) will be discussed.
∘ Stephan and Abdelsalam, 1980
By using multiple regression on nearly 5,000 experimental data points, Stephan and Ab-
delsalam proposed different correlations for four groups of fluids: water, hydrocarbons
(organics), cryogenics and refrigerants. Their organic correlation is widely used and is





















The bubble diameter 𝑑𝑏 must be estimated. The authors recommended, in their original
work, the correlation presented in Eq. (2.9). However, if using this equation, the bubble





𝑔 (𝜌𝑙 − 𝜌𝑔)
]︂
(2.9)
It is possibly a misprint during the paper publishing, because other references quote
Stephan and Abdelsalam correlation and mention the bubble diameter equation as in Eq.
(2.10) (examples are Thome, 2003, and Peygambarzadeh et al., 2014). This equation de-
3apud Gorenflo et al., 2014
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creases the bubble size in one order, which is closer to the reality. Therefore, it is used in




𝑔 (𝜌𝑙 − 𝜌𝑔)
]︂
(2.10)
It is important to notice that Stephan and Abdelsalam correlation for hydrocarbons does
not consider material effect in the equation. The liquid-surface interaction is only related
by the contact angle 𝛽 (in 𝑑𝑒𝑔), which is given as a constant for each group of fluid (for
hydrocarbon, 𝛽 = 35∘).
∘ Ribatski and Saiz Jabardo, 2003
After testing five different refrigerants with three different materials and several pres-
sure levels, Ribatski and Saiz Jabardo developed a new correlation. They multiplied
parameters for each transport property, which were heat flux, reduced pressure, surface
roughness, molar weight and surface material. Its final form is shown in Eq. 2.11.
ℎ𝑅𝐽 = 𝑓𝑤𝑝
0.45
𝑟 [−𝑙𝑜𝑔 (𝑝𝑟)]−0.8𝑅𝑎0.2𝑀−0.5𝑞” 𝑚𝑤 (2.11)
𝑚 = 0.9− 0.3𝑝0.2𝑟 (2.12)
The only inconvenient in their correlation is indeed the material parameter 𝑓𝑤, which must
be empirically obtained. The authors themselves recognized that, if they had more data, a
deeper analysis could be made to find an equation that describes this material parameter.
Nevertheless, the predictive capacity of Eq. 2.11 is still fine and could be used once the
material parameter is known.
The present work uses platinum wire as test section and no material parameter has been
suggested for this case yet, as the materials so far studied are copper, brass and stainless
steel (𝑓𝑤 = 100, 110 and 85, respectively). Therefore, it becomes necessary to set a new
material parameter to use this correlation with the platinum wire. By inverting Ribatski
and Saiz Jabardo correlation, it is possible to isolate the 𝑓𝑤 parameter and find this new




𝑝0.45𝑟 [−𝑙𝑜𝑔 (𝑝𝑟)]−0.8𝑅𝑎0.2𝑀−0.5𝑞” 𝑚𝑤
(2.13)
Figure 2.10 presents the relation between the calculated material parameter with the heat
flux, where an average value of 𝑓𝑤 = 56 was found and this number is used in the present
work. It is still necessary more data to determine an accurate material parameter for
Ribatski and Saiz Jabardo correlation when the test section is platinum wire. However,
it is clear from Fig. 2.10 that the 𝑓𝑤 parameter is not a constant, as it is affected by
both the pressure (except for n-pentane) and the heat flux. Hence, this correlation needs
improvement on its coefficients to reproduce better the pressure and heat flux effects.


























Ethanol @ 101 kPa
Ethanol @ 202 kPa
Ethanol @ 405 kPa
n-Pentane @ 121 kPa
n-Pentane @ 201 kPa
n-Pentane @ 301 kPa
n-Heptane @ 102 kPa
n-Heptane @ 203 kPa
n-Heptane @ 307 kPa
Overall Average
Average = 56
Figure 2.10: Ribatski and Saiz Jabardo 𝑓𝑤 parameter calculated using experimental results.
∘ Gorenflo, 2010
The greatest advantage of Gorenflo correlation is it fully predictive characteristic, being
independent of unknown empirical data. Given in the VDI Heat Atlas 2010 (Goren-
flo, 2010), this correlation works by using reduced pressure, non-dimensional parameters
and correction functions on a referential condition to find the heat transfer coefficient. The
reference is an experimental result with the test fluid at the reduced pressure of 𝑝𝑟 = 0.1,
the heat flux of 𝑞′′𝑤 = 20 𝑘𝑊/𝑚
2 and the test section is a horizontal copper tube with
𝑅𝑎 = 0.4 𝜇𝑚 surface roughness. If the experimental result is unknown, the referential
heat transfer coefficient can be estimated with the fluid vapor pressure curve (Eq. 2.14,
rewritten to be according to SI units). Both the vapor pressure slope and the surface
tension must be calculated considering the referential pressure 𝑝𝑟 = 0.1. Equation 2.14
presents excellent agreement with experimental data, although it is still preferable to use
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(𝑎𝑡 𝑝𝑟 = 0.1) (2.14)
The correction functions adjust this referential results according to the real conditions
of material, surface finish, pressure and heat flux. Equation (2.15) presents Gorenflo
correlation and from Eq. (2.16) to Eq. (2.19) the correction equations (not valid for
water).










𝑛(𝑝𝑟) = 0.95− 0.3𝑝0.3𝑟 (2.17)












Follows in Table 2.3 the referential heat transfer coefficient for each fluid that was used
in the present work for comparison with experimental results, validation of mixture cor-
relations (in Appendix C) or for gasoline modeling. It is given as well the source of infor-
mation, if it is calculated with Eq. 2.14 or an empirical data from Gorenflo et al., 2014.
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Acetone 3300 Gorenflo et al., 2014
Benzene 2900 Gorenflo et al., 2014
Ethanol 4350 Gorenflo et al., 2014




Isopropanol 3950 Gorenflo et al., 2014
Methanol 5150 Gorenflo et al., 2014
n-Butane 3600 Gorenflo et al., 2014
n-Butanol 2600 Gorenflo et al., 2014
n-Heptane 2900 Gorenflo et al., 2014
n-Hexane 3200 Gorenflo et al., 2014
n-Pentane 3300 Gorenflo et al., 2014
Propane 4300 Gorenflo et al., 2014
Water 5600 Gorenflo et al., 2014
2.3.2 Mixture Correlations
As mentioned before, mixture boiling correlations usually evaluate the degradation
of an ideal heat transfer coefficient. A characteristic equation of mixture correlations is shown
in Eq. 2.20, being 𝐾 the parameter that indicates how much the degradation of the ideal heat
transfer coefficient is. Hence, it is common to find in literature mixture correlations reduced as







As already said before, the ideal heat transfer coefficient is calculated with Eq. 2.5.
Each component heat transfer coefficient to be used in Eq. 2.5 can be given or by experimental
data or by a pure component correlation that represents well the physical phenomenon.
Although not as many as for pure components, there are also numerous works on
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mixture boiling correlations. In fact, it is more common to find studies on binary mixture than
on multicomponent mixtures, because the work on this last one is much more last-longing,
which discourages researchers to investigate it deeply. Hence, it is pretty common to find works
evaluating the use of binary mixture correlations in multicomponent systems (Fujita and Tsut-
sui, 2002; Vinayak Rao and Balakrishnan, 2004; Nahra and Næss, 2009).
When modeling the 𝐾 parameter, two mixture variables often come up as determi-
nant factors of the ideal heat transfer coefficient degradation: the boiling range (∆𝑇𝑏𝑝) and the
difference of the vapor and liquid compositions (𝑦−𝑥). Mixture correlations can be, in general,
separated into three groups, as described by Peyghambarzadeh et al., 2009:
1. Based on the boiling range (∆𝑇𝑏𝑝), like Thome and Shakir, 19874; Fujita and Tsut-
sui, 1997; and Inoue et al., 1998;
2. Based on the compositions difference (𝑦−𝑥), like Stephan and Körner, 19694; Jungnickel
et al., 1980; and Vinayak Rao and Balakrishnan, 2004;
3. Based on both parameters (∆𝑇𝑏𝑝 and 𝑦−𝑥), like Schlünder, 19834; and the binary mixture
correlation of Sun et al., 2007.
Nevertheless, a mixture correlation can be out of these groups, like Unal, 1986,
which uses the vapor and liquid compositions, however in more complex ways than only the
difference between them.
Some correlations have empirical parameters that depend on the mixture compo-
nents, like Stephan and Körner, 19694, and Jungnickel et al., 1980. It makes their use incon-
venient for the present work since there are not many experimental data for these parameters.
Some others have very similar results, like Thome and Shakir, 1987, Fujita and Tsutsui, 1994,
Fujita and Tsutsui, 1997, and Inoue et al., 1998. Therefore, it is not necessary to evaluate them
all in the present work, so the most accurate among them can be chosen. In Appendix C, an
accuracy analysis of mixture correlations was performed and Inoue et al. presented the best
predictive capacity.
One semi-empirical correlation that is constantly mentioned for presenting good
accuracy in binary and multicomponent mixture prediction was proposed by Schlünder, 1983
(Vinayak Rao and Balakrishnan, 2004; Peyghambarzadeh et al., 2009). However, it is not used
4apud Peyghambarzadeh et al., 2009
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in the current work because, in the accuracy analysis (Appendix C), other correlations presented
better results.
Therefore, among these many mixture correlations evaluated in the present work,
only two will be considered for presenting the most accurate results: Inoue et al., 1998, and
Unal, 1986. They are not presented in the chronological order, but in ascending order of accu-
racy (according to the analysis made in Appendix C).
∘ Inoue et al., 1998
After testing several mixtures of refrigerants, Inoue et al. developed an equation using
least square methods on experimental results. The final form of their correlation is pre-
sented in Eq. 2.21, being ℎ𝐼𝑛 the calculated mixture heat transfer coefficient according to
Inoue et al.. Notice the absence of the pressure effect on this correlation, which is known
to be significant in mixtures as the heat transfer coefficient degradation increases with the







∆𝑇𝑏𝑝 [1− 0.75𝑒𝑥𝑝 (−0.75𝑞”𝑤/105)]
(2.21)
In the accuracy analysis presented in Appendix C, this correlation deviates averagely
about 13.4% from literature data. It is very similar to Fujita and Tsutsui correlation (Fujita
and Tsutsui, 1994), differencing only the presence of coefficients in the equation. This
small difference was sufficient to achieve better accuracy, including for alcoholic and
fluorocarbons mixtures, according to the authors. Since it only uses the boiling range as
mixture parameters, it can be used in its final form in multicomponent mixtures as well.
∘ Unal, 1986
Using dimensional analysis on several experimental data, Unal achieved the correlation
for binary mixtures shown in Eq. 2.22 (rewritten to use heat transfer coefficient degra-
dation instead of effective wall superheat, which is the original form of this equation).
Differently from Inoue et al. correlation, the pressure effect is considered in the parame-
ters 𝑏4 and 𝑏5 (Eq. 2.25 and 2.26, respectively). This correlation is not as often mentioned
in recent works as others, even though it presents good accuracy, as analyzed by Alavi
Fazel and Jamialahmadi, 2013, and in the current work (Appendix C), which presented
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[1 + (𝑏2 + 𝑏3) (1 + 𝑏4)] [1 + 𝑏5]
(2.22)










+ |𝑦𝑖 − 𝑥𝑖|1.5 (2.23)




𝑏5 = 0.92|𝑦𝑖 − 𝑥𝑖|0.001𝑝0.66𝑟 (2.26)
No reference has been found on using this correlation in multicomponent mixtures or
adapting it to this application. Since the present study demands the use in multicompo-
nent mixtures, the Unal correlation was rewritten to fit the typical structure of mixture cor-
relations as shown in Eq. 2.20. This way, the suggestion of Stephan and Preusser, 19795,
of converting a binary mixture correlation to a multicomponent correlation is possible. It
consists of the sum of the parameters 𝐾 of each pair of components, being one the 𝑖𝑡ℎ
component and the other always the less volatile component (the 𝑁 𝑡ℎ component). This





Hence, in the present work, Unal correlation is used in the following form, now usable







𝑖=1 [𝑏5 + (𝑏2 + 𝑏3)(1 + 𝑏4)(1 + 𝑏5)]
(2.28)
5apud Thome and Shock, 1984
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2.4 Gasoline Modeling
There is a strong effort to model gasoline to predict its behavior in calculations and
simulations (like evaporation or mixing characteristics). These studies are truly important in
leading research fields in automotive business, like spray analysis and combustion researches
(Huang et al., 2016; Chen and Nishida, 2014). Some examples of work on gasoline modeling:
∘ Su and Chen, 2015: they compared an experimental evaporation curve of gasoline and
calculations with a 6-component surrogate, which presented good match.
∘ Elwardany et al., 2013: when studying droplet evaporation phenomenon, they compared
four different surrogates and two quasi-components6 mixture models with a referential
13 quasi-components approximation. They observed that surrogates proposed for fuel
ignition studies are not necessarily applicable to droplet evaporation analysis.
∘ Al Qubeissi et al., 2015: they studied the accuracy of modeling gasoline depending on
the number of components or quasi-components in the model. The results showed that,
for droplet evaporation analysis, the model should have at least six components/quasi-
components to achieve a good match with experimental data.
Also, gasoline-alcohol blends are studied to find an easier, accurate model to predict
their behavior. French and Malone, 2005, widely discussed phase equilibria in gasoline-ethanol
blends, even considering the presence of water in ethanol (hydrous ethanol). They discussed the
gasoline mixing characteristics from analyses of single hydrocarbons mixed with ethanol and
water. Neroorkar and Schmidt, 2011, modeled gasoline-ethanol blends vapor-liquid equilibrium
for flash boiling simulations as a binary mixture of hydrocarbon (for example, iso-octane) and
ethanol. They observed that the predictive capacity of this model increases with the increasing
content of ethanol. Pumphrey et al., 2000, calculated the vapor pressure of gasoline-alcohol
blends considering them pseudo-binary mixtures and using Wilson equation with experimental
parameters from their experimental data. Tu et al., 2001, although not with gasoline, stud-
ied vapor-liquid equilibria of alcohol and five hydrocarbons mixtures and also modeled it as a
pseudo-binary system, treating the hydrocarbons mixture as a single component.
6In their quasi-discrete model for droplet evaporation analysis, Sazhin et al., 2011 define quasi-components as
hypothetical substances (examples are 𝐶5.5𝐻13.0 and 𝐶7.05𝐻16.1). However, they are treated as real components
in the calculations of thermophysical properties and mass diffusion in the mixture.
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Therefore, following the same trend of other research fields, it is expected to predict
the nucleate boiling heat transfer coefficient in gasoline by its modeling as a mixture with only a
few hydrocarbons. Moreover, modeling of boiling in gasoline-ethanol blends is here studied to
see if the accuracy increases with greater ethanol content, similar to the observed by Neroorkar
and Schmidt, 2011, or with a greater number of components in the model, as reported by Al
Qubeissi et al., 2015.
When modeling gasoline and looking forward to bring the surrogate as close to re-
ality as possible, it is necessary to decide which hydrocarbons will be in the model. Hence, the
reference that guided the decision of the potential hydrocarbons was a table with detailed gaso-
line composition given by Al Qubeissi et al., 2015, even though there might have differences
between the gasoline used in the present study and the one used in theirs. The most present
components are n-alkanes and iso-alkanes, like 2,2,4-trimethylpentane (iso-octane) (23.24%),
n-pentane (13.87%) and n-hexane (10.84%). To have a more volatile component in the list,
n-butane is also considered, which corresponds to 3.91% of gasoline composition (Al Qubeissi
et al., 2015). These four components were chosen to be part of the surrogates.
Taking as well Elwardany et al., 2013 study, where they modeled gasoline as a n-
C7.05H16.1 quasi-component, n-heptane is also added to the list of possible components in the
surrogates, as it is the simplest 𝐶7 alkane. Therefore, those are the five hydrocarbons considered
in the present study to model gasoline nucleate boiling.
If gasoline is modeled as a single component, it only requires comparing experi-
mental results with calculations of boiling correlations for this pure component. This way, it is
chosen the hydrocarbon whose calculation results are the closest to pure gasoline experimental
data.
In mixture models, after choosing the components of the surrogate, it is necessary to
determine their respective mole fractions in the mixture. In this step, Monte Carlo methodology
(Rubinstein and Kroese, 2008) was used in each mixture to find the composition that presented
the best match with the experimental result. The great advantages of this method are:
1. Easy implementation in the software, as it only requires the addition of a random choice
of the components mole fractions.
2. The search for the optimal point is not affected by local minima or maxima, as the com-
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ponents mole fractions are randomly set.
3. Guarantee of convergence, as the iterations are independent steps and the presence of the
optimal point is definitely within the range of search (mole fraction from 0 to 1 for all the
components).
4. For the same reason, a parallel process is possible if using Monte Carlo (although it was
not implemented in the current study), which substantially decreases the computational
cost.
Figure 2.11 shows a flow chart with the methodology to find these compositions
(vectors {𝑥}𝐼𝑛 and {𝑥}𝑈𝑛) for each mixture correlation (Inoue et al. and Unal, respectively)
with their respective average deviations (𝐸𝑟𝑟𝐼𝑛 and 𝐸𝑟𝑟𝑈𝑛) from experimental data.
It = 0
Set ErrIn = 100%  
and ErrUn = 100%
It = It + 1
Guess xi = 0 ≤ xi ≤ 1
for i = 1:N
Normalize xi
xi = xi /Σ(xi)
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Figure 2.11: Flow chart of the Monte Carlo simulation to find the surrogates compositions.
After this step, the surrogate with 𝑁 components is completely determined (com-
ponents and composition). In the present study, it was attempted to find surrogates containing
up to four hydrocarbons. Afterward, each gasoline surrogate was calculated again mixed with
ethanol to evaluate their predictive capacity to estimate heat transfer coefficients in gasoline-
ethanol blends.
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3 Experimental Apparatus and Procedure
3.1 Experimental Apparatus
The experimental apparatus consists of a boiling chamber to test about 2.2 liters of
fluid. The test section is a horizontal platinum wire powered by a DC electrical current. The
boiling chamber was projected to work with the majority of fluids, including fuels like gasoline
and ethanol (the objects of this study), and to withstand pressures up to 10 bar and maximum
temperature of 150 ∘C. Each part of the experimental rig is discussed in the following sections.
Nevertheless, for a first introduction, it is presented below in Fig. 3.1.
Figure 3.1: Complete experimental rig schematic illustration. A) Boiling Test Apparatus; B)
Controlled Water Bath; C) PWM Controller; D) DC Power Supply; E) Shunt Resistor; F)
NOVUS FieldLogger Data Acquisition System; G) High-Definition Webcam.
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3.1.1 The Boiling Test Apparatus
The boiling test apparatus, shown by the letter (A) in Fig. 3.1, is where the test
effectively occurs. It can be divided into two parts: the boiling chamber and the test section.
For describing the components, they are referred in the next paragraphs by their numbers as in
Fig. 3.2. Some pictures of the real experimental rig are presented in Fig. 3.3. It was designed
and built specifically for the present research project and it will still be used in further works.
Figure 3.2: Boiling Test Apparatus (A). 1) Platinum Wire; 2) Borosilicate Glass Tube; 3) Stain-
less Steel Lids; 4) Polycarbonate Tube; 5) Boiling Chamber; 6) Condenser; 7) Bath Heater; 8)
Thermocouple in Vapor; 9) Pressure Transducer; 10) Thermocouple for Control; 11) Thermo-
couple 1 in Liquid; 12) Thermocouple 2 in Liquid; 13) Conductors; 14) Confined Air.
The boiling chamber (5) is a vertical cylindrical borosilicate glass tube (2) with an
inner diameter of 152 mm and 9 mm wall thickness. On the upper and bottom sides, there
are stainless steel lids (3) that are inserted in the glass with o-rings to provide sealing. The
borosilicate glass tube (2) is concentrically positioned inside a polycarbonate tube (4), which
has the purpose of creating a thermal insulation – with the air trapped (14) within the two tubes
– and being the first protection in case of the glass failure.
On the upper lid, it is found: a condenser (6), to condense the vapor during fluid
degasification, so more volatile components in mixtures are not lost, and during the test to
stabilize the system pressure; a type-T thermocouple (8), placed in the vapor phase to monitor
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Figure 3.3: Pictures of the Boiling Apparatus. (1) The test section. (2) Boiling chamber with
camera during degasification process. (3) Boiling Apparatus with evidencing thermal insula-
tion. (4) Boiling test with computer monitoring.
its temperature; a pressure transducer (9), to measure the system pressure; and a bath heater (7)
that maintains the fluid at the desired temperature.
The bottom lid holds three type-T thermocouples. Two of them, (11) and (12),
measure the liquid temperature, and one, (10), is used as feedback for the bath heater controller
(equipment (C) in Fig. 3.1). Also, it can be found the test section apparatus, which consists of
the conductors (13) and the platinum wire (1), and another bath heater placed on the bottom
of the boiling chamber (not presented in Fig. 3.2 to avoid image overcrowding). This addi-
tional heater only works during the fluid degasification process and helps to stabilize the pool
temperature before the test begins.
Back to Fig. 3.1, it can be seen that the main equipment used in the test are: the
boiling apparatus (A), which has been presented; a water bath (B) to control the temperature
and flow of the water that goes through the condenser; a PWM (Pulse Width Modulation) tem-
perature controller (C), which acts on the bath heater (7) to control its power according to the
voltage of the thermocouple (10); a DC Power Supply (D), used to control the platinum wire
power; a shunt resistor (E), necessary to measure the current that flows through the platinum
wire; a Data Acquisition System (F) to record all the data from the experiments; and a High-
Definition Webcam (G) to record the images whilst the test is performed. The role of each
equipment becomes clearer during the test procedure explanation.
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The project of this experimental rig, which is presented in the next sections, was
exhaustively reviewed and studied to guarantee it would work properly and with the desired
performance. In the case of interest for more details, a specific work that presents the whole
project of this experimental rig is available in the references (Oliveira and Santos, 2013). The
final design of the experimental rig differs a little from the presented in this reference. However,
the study is still valid and important to achieve the final configuration.
3.1.2 Mind Mapping Concepts
After studying several experimental rigs in many research centers, it became neces-
sary to organize the ideas for better definition of the concepts to use in the present experimental
rig. Fig. 3.4 presents the mind map that was created to aid defining the apparatus characteristics.
As it can be seen, the mind map was divided into five major groups: pre-heating,
test section, data acquisition, condenser and the boiling chamber. Each of these groups has sub-
groups that consider materials, processes and methodologies, which can be chosen according to
the desired specifications. For the present work, the requirements were the following:
1. The boiling apparatus must withstand a maximum pressure of 10 bar and work with the
test fluid temperature up to 150 ∘C.
2. The boiling chamber will be as transparent as possible, in order to allow at best the phe-
nomenon visualization.
3. The pre-heating and the condensing system must be as simple as possible, so less equip-
ment is necessary for the experimental rig.
4. The test section will be removable. Therefore, it can be replaced by test sections of many
kinds and shapes (cylinder, flat surface, wire, and others).
5. The apparatus handling must be efficient to optimize the test by not losing much time
with set-up or maintenance.
6. Use the best cost-effective solutions.
With these items in mind, it was decided:
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Figure 3.4: Mind map to aid projects of nucleate boiling experimental rigs.
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1. To use a transparent inert material in the side wall and, consequently, favor the phe-
nomenon visualization. Therefore, the borosilicate glass tube was chosen. The outer tube
to provide protection and thermal insulation did not need to be inert and, for this reason,
clear polycarbonate was the selected material.
2. All the other bodies must be made of AISI 304L stainless steel. It makes possible to test
many kinds of fluids, as well as fuels (the objects of this study).
3. To use immersed bath heater to perform the fluid degasification and maintain the pool at
the desired temperature. This solution is cheap and efficient if using a PWM control on
it.
4. The test section for the current project will be a platinum wire, as it is the simplest test
section and efficient to analyze the fluid effect on boiling heat transfer.
With the main concepts pre-defined, calculations were performed to properly chose
the design, materials, devices and equipment.
3.1.3 Calculations for the Boiling Apparatus Project
As mentioned before, Oliveira and Santos, 2013 presents in detail the most impor-
tant calculations for this experimental rig. Since it was a significant activity for this project, the
next paragraphs will briefly discuss these calculations.
Among others, two calculations were important for the apparatus design: structural
analysis for evaluation of the static load resistance and thermal simulation for heat loss estima-
tion. The first was necessary for the glass dimensioning, while the second was needed for the
bath heater project, evaluate the thermal insulation performance and calculate the polycarbonate
temperature. Both calculations were tri-dimensional and were done using ANSYS Workbench
14.0 software.
The structural analysis considered 10 bar relative pressure on the boiling chamber
inner walls. The materials properties were properly adopted, including the borosilicate glass
(SCHOTT AG, 2010), and they were taken directly from the manufacturer technical catalog.
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Since the glass tube is the critical component in the experimental apparatus, the safety fac-
tor used in its design was 𝑛 = 3.2. This factor is suggested by several manufacturers to be
greater than three because glasses may have micro-cracks in their structure, which significantly
decreases their strength and can cause a catastrophic failure in case of overloading. Also, the
stainless steel lids were evaluated, but no risk of failure was observed.
The thermal analysis was performed considering the temperature of 150 ∘C at all the
boiling chamber inner walls. All the contacts were considered perfect and natural convection
was calculated in all the outer surfaces. Its coefficient was set as ℎ = 20 𝑊/(𝑚2𝐾) when no
thermal insulation was used and as ℎ = 8 𝑊/(𝑚2𝐾) when it was present. These values were
estimated based on the surfaces average temperatures. For this reason, the convective coefficient
is lower when using thermal insulation, as the outer temperature is lower if compared with the
condition without thermal insulation. The thermal insulation is 50 𝑚𝑚 thick and it was placed
on all outer surfaces (except the polycarbonate tube surface)7.
The calculated maximum temperature for the polycarbonate tube was 130 ∘C, which
is right on its limit. Therefore, it is important to not work with a temperature greater than the
established limit or the polycarbonate can be damaged.
The heat loss without any thermal insulation was estimated approximately 300𝑊 in
worst-case condition. Therefore, this should be the minimum bath heater power to compensate
the heat loss (if it worked with its full power). It was chosen a 700 𝑊 power heater and a PWM
control to act according to the feedback from a thermocouple in the liquid o guarantee the bath
heater would work far from its limit.
Finally, the thermal insulation performance was evaluated. The only part it is not
possible to use the insulation is on the polycarbonate tube; otherwise, it would affect the phe-
nomenon visualization. From the calculation, it is estimated that 22% of the heat is lost through
the polycarbonate wall, with or without thermal insulation. One possibility to decrease this heat
loss is vacuuming the volume within the transparent tubes.
All the other surfaces are responsible for the other 78% of the heat loss. If stone
wool thermal insulation is used, the total heat loss decreases from 300 𝑊 to 87 𝑊 , which
7Considerations: surface emissivity of 0.4, outer temperature of 150 ∘C without thermal insulation and 50 ∘C
with thermal insulation, which gave respective values of ℎ = 11.2 𝑊/(𝑚2𝐾) (being 39% because of radiation)
and ℎ = 7.4𝑊/(𝑚2𝐾) (being 36% because of radiation). However, the condition without thermal insulation was
highly over-estimated for the pre-heater power specification.
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corresponds to a 71% reduction (most of this reduction is because of the lower heat transfer
coefficient when using stone wool). It means that thermal insulation has a significant role and
its usage is necessary to maintain the bath at the desired temperature.
3.1.4 The Test Section
As said before, the test section in the present work is an aged platinum wire. This ag-
ing process consisted of subsequent boiling tests with ethanol until stable results were achieved.
Theofanous et al. have shown in their works that aged surfaces present higher nucleation site
density and CHF (Theofanous et al., 2002a; Theofanous et al., 2002b). Hence, it is important
to make clear the surface condition as it significantly affects the test results. The wire diameter
is 0.285± 0.001 𝑚𝑚 (measured using a Micromaster IP54 Micrometer), it is 75.60± 0.05 𝑚𝑚
long (measured with a Mitutoyo 500-144BN Digital Vernier Caliper) and its average roughness
𝑅𝑎 is 0.30± 0.03 𝜇𝑚 (measured with a Hommelwerke T8000 Profilometer).
Platinum is a proper material for this test because of its high melting temperature
(about 1770 ∘C) and its high temperature coefficient of resistance. For this reason, it is possible
to guarantee good accuracy on its temperature calculation by measuring its resistance. Further-
more, since this is a thin wire, it is reasonable to consider its surface temperature equal to its
average temperature (Biot Number is around 0.1 in worst-case).
To connect the platinum wire to the DC Power Supply, the wire extremities are
welded to two electrodes made of brass. These electrodes are then assembled in a pair of con-
ductive towers, which are two-body structures, being an inner body made of brass (to decrease
series resistances with the wire) and an outer body of stainless steel (to avoid corrosion). A
schematic drawing is presented in Fig. 3.5 to ease the understanding of the test section con-
struction.
Figure 3.5 also shows the electrical current flow and where the voltage is measured.
With these two parameters, the resistance is obtained by Ohm’s Law. It is evident at first sight
that the calculated resistance does not correspond only to the wire, but to the whole set. There-
fore, it is important to evaluate the conductors and electrodes resistances to discount it from the
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Figure 3.5: Test section schematic illustration.
calculation. They were obtained by passing a small electrical current through the test section (in
air) and measuring the voltage on the wire and the acquisition points of the test section. Several
measurements showed that these discountable resistances are only 1.5% of the total resistance.
They were still discounted in the calculations to achieve as accurate results as possible.
3.2 Test Methodology
The following steps describe the test methodology used for every test fluid.
1. As the test fluids are mostly mixtures, it is very important not to lose more volatile compo-
nents when manipulating them; otherwise, it would change the fluid composition. There-
fore, both gasoline and ethanol were cooled down (between −10 ∘C and −5 ∘C) before
mixing them. The test fluid was properly mixed and separated in a hermetic borosilicate
glass bottle. Then, still cold, it was poured into the boiling chamber. This process is
not necessary when working with pure ethanol, n-pentane and n-heptane (reminding that
gasoline is not a pure component).
2. To loose dissolved non-condensible gases from the fluid, the water flow through the con-
denser is started, as well as both bath heaters. They remained on for about 20 minutes
with the fluid close to saturation temperature and ambient pressure. This procedure was
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carefully performed to avoid losing more volatile components.
3. The sealing pin, which was opened to release the dissolved gases, is now closed to begin
the test. The PWM control starts to act on the bath heater, so the test fluid remains at the
desired temperature. The water flow through the condenser is regulated to stabilize the
initial pressure at approximately 100 kPa absolute pressure.
4. Before starting the boiling test, the CHF is roughly obtained by slightly increasing the
test section power until a rapid increase of the wire temperature is observed. Afterwards,
the test section power is lowered to extinguish film boiling and then again increased to a
level little below the CHF previously found (about 80% to 90% the CHF).
5. The boiling test effectively starts at this step. The heat flux is gradually decreased to trace
the boiling curve (avoiding the hysteresis effect) until it shuts down, which means no elec-
trical current is passing through the wire. Subsequently, the heat flux is slowly increased,
so the boiling curve with the ONB and the CHF are obtained. The CHF determination
was the point where a steep increase of the wire temperature was observed. This step is
repeated thrice to verify the test repeatability. The video is recorded at this step, but its
synchronization is done later during data processing.
6. After finishing the test at the ongoing pressure level, the bath heater is again turned on
to increase the fluid temperature and, consequently, the system pressure. This process
continues until the next test pressure level is achieved. When all the parameters are again
stable, the previous two steps are repeated (the CHF finding and boiling curve test). The
current step is repeated until all the pressure levels are tested.
7. The test results are saved and processed to have the boiling curves and their respective
synchronized images as described in section 3.2.3.
From the experimental steps, it is clear that the boiling test method used in the
present work is with transient heat flux. This method may present unstable results during the
increasing heat flux process because of nucleation sites that are not activated in time, resulting
in higher wall superheats at a given heat flux (Gorenflo, 2010). Also, if the heat flux change rate
is fast enough, it is necessary to consider the time effect on heat conduction equation to calculate
the surface temperature (Park et al., 2009). It is not a concern in the case of the present work,
because, as said before, it is a very thin wire, which makes Biot number smaller than 0.1 in the
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worst scenario. Indeed, it was confirmed that this methodology worked and that the transient
effects in nucleate boiling were not observed when the test results were compared with pure
components boiling correlations and presented good match (it is shown later in Chapter 4).
Park et al., 2009 reported that a rapid increasingly heat flux input might lead to
heterogeneous spontaneous nucleation, which makes a direct transition from natural convection
to film boiling, without passing through nucleate boiling regime. They also used platinum wire
as test section (although their wire diameter was 1.0 𝑚𝑚), so it means that, in the present
work, it was also necessary to be careful with this phenomenon. In all the tests, nucleate boiling
regime was always properly observed, therefore the heat flux increase was slow enough to avoid
this direct film boiling transition.
3.2.1 Mixture Preparation and Gasoline-Ethanol Blends
For the present work, it was used anhydrous ethanol and pure gasoline (PETRO-
BRAS Gasoline S-50, which has reduced sulfur content (Carvalho et al., 2014). This informa-
tion is important to be clear, once it could be used gasoline already with some ethanol content,
which is commonly found in automotive applications in some markets as Brazil or the USA.
At first, for gasoline-ethanol blends, the fluids were separately weighed to calculate
the mixture composition later. Then, they were poured into a sealed glass vessel and, still
cold, the mixture was poured into the boiling chamber to begin the experiment. The test fluids
that were studied are presented in Table 3.1. For the mole composition calculation, it was
considered the gasoline mole weight as 103 𝑘𝑔/𝑘𝑚𝑜𝑙 (Serras-Pereira et al., 2013) and ethanol
as 46.07 𝑘𝑔/𝑘𝑚𝑜𝑙 (Poling et al., 2001).
3.2.2 Wire Temperature-Resistance Curve
To calculate the wire temperature during data processing, a Temperature-Resistance
curve was plotted before and after the boiling test to guarantee the wire maintained the same
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Gasoline Ethanol Gasoline Ethanol Gasoline Ethanol
1 N.A.a 0 g 100.0% 0.0% 100.0% 0.0%
2 1527 g 76 g 95.3% 4.7% 90.0% 10.0%
3 1404 g 157 g 89.9 % 10.1% 80.0% 20.0%
4 1284 g 309 g 80.6% 19.4% 65.0% 35.0%
5 1069 g 478 g 69.1% 30.9% 50.0% 50.0%
6 840 g 697 g 54.7% 45.3% 35.0% 65.0%
7 576 g 1030 g 35.9% 64.1% 20.0% 80.0%
8 313 g 1256 g 19.9% 80.1% 10.0% 90.0%
10 0 g N.A.a 0.0% 100.0% 0.0% 100.0%
aNot Available: weight not measured because the boiling chamber was filled only with this fluid
behavior. Although this correlation is highly linear, at least five points were used on the data
regression. This procedure was always performed using a uniform pool of ethanol to immerse
the thermocouples and the wire.
This preliminary test was done in the boiling apparatus itself. First, the pool tem-
perature was kept uniform (monitored by the three thermocouples immersed in the liquid), then
an approximate 52 𝑚𝐴 current (measured with a calibrated Agilent 34410A 61⁄2 digit multi-
meter with an uncertainty of 0.005 𝑚𝐴) was applied through the wire and the data acquisition
system measured its voltage. As this is not enough to significantly heat up the wire 8, it can be
considered the wire is at the same temperature of the liquid. With the measured data and Ohm’s
Law, the wire resistance was calculated. An example of the Temperature-Resistance curve is
presented in Fig. 3.6. Detailed information on this linear regression uncertainties are found in
Appendix A in the end of this thesis.
8Less than 10 𝑊/𝑚2 heat flux through the wire, which gives 0.06 ∘C maximum temperature difference with
the liquid due to self-heating. Calculations were performed with both Churchill-Chu’s and Morgan’s correlations
for free convection (Incropera et al., 2006)
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Figure 3.6: Example of the wire Temperature-Resistance curve.
3.2.3 Data Processing
After finishing the test, the data is collected from the NOVUS FieldLogger Data
Acquisition System and processed with Microsoft Excel 2010. The following parameters are
obtained (for detailed information about instruments calibration and uncertainties, see Ap-
pendix A):
∘ Date and Time
It is normalized to only Time (in seconds). Its information is necessary later for the
video synchronization.
∘ Current from Pressure Transducer
Its [4− 20 𝑚𝐴] signal is directly measured by the FieldLogger and then is converted
to pressure (in [𝑘𝑃𝑎]) according to the transducer calibration.
∘ Temperature Acquisitions
Two thermocouples in the liquid phase and one in the vapor are read directly in
[∘𝐶], because the [𝑚𝑉 ] signals are instantly converted by a T-type standard curve in the
FieldLogger. Comparison of the thermocouple measures with a calibrated high-precision
Pt100 sensor showed accuracy of 0.2∘C on the temperature acquisition.
∘ Voltage on the Shunt Resistor
Its [𝑚𝑉 ] signal is converted to electrical current (in [𝐴]) also by a calibrated linear
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equation.
∘ Voltage on the Test Section
This signal (in [𝑉 ]) is not processed at all, because it is already as desired and cali-
brated.
With these parameters, several calculations (briefly presented in Table 3.2) are per-
formed until achieving the data to plot boiling curves and variation of heat transfer coefficient
with heat flux. Appendix A at the end of this thesis presents in more details these calcula-
tions and the uncertainties evaluation, which was performed following Moffat recommendation
(Moffat, 1988).





































ℎ = 𝑞′′𝑤/(𝑇𝑤 − 𝑇𝑙) 10.8%
The wire temperature is given by a linear regression equation, as said before. It is
not presented with numerical coefficients in the table because the equation can slightly change
in the case of maintenance, replace a burnt wire or even set-up to change the test fluid. Also, note
that there is a correction factor of 0.985 when calculating the electrical power, which eliminates,
as already mentioned, the 1.5% discountable resistances in the test section. Observe as well that
this correction was not necessary for the wire temperature calculation.
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To reduce noises and data scattering, it was used a simple moving average algorithm
of data smoothing. The scan interval (time between each acquisition) set in the data acquisition
system is 50 ms. However, the logging interval (time between each saved data) is 200 ms, which
means 5 samples per second. Each sample is the average value of the last 5 scanned data. In
other words, it is, therefore, a smoothed data (namely 1𝑠𝑡 smoothing). During data processing
in Microsoft Excel 2010, another simple moving average process is applied (2𝑛𝑑 smoothing)
by taking the average results of the last 4 samples for every 3 samples step. This process is
schematically shown in Fig. 3.7, while Fig. 3.8 presents an example for each data condition,
where it can be seen that this data processing diminishes its scattering without affecting the




(average s1, s2, s3, s4)
F2
(average s4, s5, s6, s7)
F3




















p1, p2, p3, p4, p5
p5, p6, p7, p8, p9
p9, p10, p11, p12, p13
p13, p14, p15, p16, p17
p17, p18, p19, p20, p21
p21, p22, p23, p24, p25
p25, p26, p27, p28, p29
p29, p30, p31, p32, p33
p33, p34, p35, p36, p37














Figure 3.7: Data smoothing process, from raw data points to final data.
3.2.4 Video Processing and Synchronization
The main goal of the present study is to evaluate the use of mixture models on
gasoline-ethanol blends considering gasoline a pure component or a mixture of few hydrocar-
bons. Therefore, the image acquisition and evaluation is only a complementary information for
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Figure 3.8: Data smoothing result from raw condition to final processed data (2𝑛𝑑 smoothing).
the results, which means that, although its synchronization with the acquired data is necessary,
it does not need to be extremely accurate.
The recorded video is Full-HD with 30 frames per second (30 fps). Image param-
eters are adjusted to have the best view of the bubbles detaching from the surface. The video
starts at the beginning of the boiling curve test, which means it records both the decreasing and
increasing heat flux processes.
While the video is 30 fps, the data acquisition is only 5 samples per second. In other
words, there are about 6 frames in between of two acquired data from the test results. Hence, to
guarantee good synchronization, right before the boiling curve test, a step-decrease in the power
followed by a step-increase is performed to aid matching the video with the test results. This
way, there are four referential points to match with the test results: the first heat flux decrease
step, the second heat flux increase step, the ONB and the CHF.
Figure 3.9 presents these points in a test result with anhydrous ethanol. The same
method was done with all the other test fluids. Each point is easily identified on both the
graphical test results and video frames:
∘ Point A – Decreasing step: on the plot, a quick decrease in heat flux is observed. Mean-
while, the video frame presents an immediate decrease in bubble formation.
∘ Point B – Increasing step: right the opposite of Point A, it is observed a quick step-up in
heat flux on the plot and an immediate increase in bubble formation in the video frame.
∘ Point C – ONB: during the increasing heat flux process, it is seen a rapid wire temperature
decrease and initiation of bubble formation in the image.
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∘ Point D – CHF: again during increasing heat flux process, a steep wire temperature in-
crease is observed, as it is also noticed the beginning of film boiling regime in the video
frame.
Once the video and the test results are synchronized, it is possible to have images
of the test at any heat flux, either during decreasing or increasing heat flux process, making it














































Point C: ONB @ 60.27 s Point D: CHF @ 89.33 s
Point A: Decrease Step @ 0.03 s Point B: Increase Step @ 2.37 s
D
Figure 3.9: Video synchronization process with the four referential points indicated (images
and test result with anhydrous ethanol).
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4 Results and Discussion
This chapter presents and discusses the current work results. It starts with experi-
mental results with pure components (ethanol, n-pentane and n-heptane) and, later, with pure
gasoline and gasoline-ethanol blends. Afterwards, gasoline modeling process is addressed to
present surrogates for calculations of nucleate boiling heat transfer coefficient, where they are
compared with gasoline experimental data. Finally, these surrogates predictive capability is
again verified when mixed with ethanol by comparing the estimated coefficient with the test
results.
Before beginning the results presentation and discussion, all the experimental data
are given in Table 4.1 with the following information:
∘ Test fluid;
∘ System pressure;
∘ Coefficients 𝐶 and 𝑛𝑒 representing the experimental results according to Eq. 4.1. These




∘ Heat flux (HF) range valid for the exponential regression.










4.1 Pure Components Results
These results are important for the present study to validate the pure component
correlation that is used later in mixture correlations, which is successively used to find gasoline
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Table 4.1: All experimental data presented by constants for the exponential equation form
FLUIDa PRESSURE HF [𝑘𝑊/𝑚2] 𝐶 [1/K] 𝑛𝑒 OAD
Ethanol 101 kPa 12 - 739 0.141 0.8791 5.2%
Ethanol 202 kPa 11 - 804 0.3291 0.838 7.2%
Ethanol 405 kPa 11 - 942 0.2965 0.875 2.4%
n-Pentane 121 kPa 10 - 453 0.1732 0.8686 1.5%
n-Pentane 201 kPa 11 - 527 0.1575 0.8861 1.5%
n-Pentane 301 kPa 10 - 536 0.2048 0.8748 1.4%
n-Heptane 102 kPa 11 - 439 0.1841 0.8659 4.3%
n-Heptane 203 kPa 12 - 496 0.267 0.8629 3.5%
n-Heptane 307 kPa 12 - 533 0.4832 0.8396 3.2%
Gasoline (0% Ethanol) 102 kPa 11 - 666 0.5553 0.7138 4.4%
Gasoline (0% Ethanol) 202 kPa 10 - 907 0.8951 0.6903 1.3%
Gasoline (0% Ethanol) 303 kPa 12 - 968 1.1458 0.6756 2.6%
Gasoline (0% Ethanol) 402 kPa 12 - 1014 1.5542 0.6552 3.7%
GE-Blend (10% Ethanol) 104 kPa 11 - 668 0.9375 0.6768 5.5%
GE-Blend (10% Ethanol) 202 kPa 10 - 900 1.9042 0.6354 1.2%
GE-Blend (10% Ethanol) 303 kPa 12 - 996 2.1896 0.6304 2.0%
GE-Blend (10% Ethanol) 403 kPa 12 - 971 2.5286 0.623 3.4%
GE-Blend (20% Ethanol) 102 kPa 10 - 623 1.2243 0.6608 5.2%
GE-Blend (20% Ethanol) 203 kPa 12 - 731 1.9161 0.638 3.8%
GE-Blend (20% Ethanol) 303 kPa 11 - 880 2.5166 0.6236 1.8%
GE-Blend (20% Ethanol) 403 kPa 12 - 922 2.907 0.6176 1.0%
GE-Blend (35% Ethanol) 101 kPa 11 - 662 0.816 0.6912 4.8%
GE-Blend (35% Ethanol) 202 kPa 11 - 815 1.4145 0.6605 2.3%
GE-Blend (35% Ethanol) 302 kPa 11 - 902 2.3336 0.6258 1.5%
GE-Blend (35% Ethanol) 403 kPa 10 - 971 2.7218 0.6178 1.7%
GE-Blend (50% Ethanol) 102 kPa 11 - 771 0.6789 0.7097 5.0%
GE-Blend (50% Ethanol) 200 kPa 12 - 874 0.9894 0.6919 2.4%
GE-Blend (50% Ethanol) 301 kPa 12 - 981 1.5204 0.6632 1.8%
GE-Blend (50% Ethanol) 401 kPa 12 - 1100 1.8051 0.6504 2.7%
GE-Blend (65% Ethanol) 102 kPa 12 - 793 0.3598 0.764 5.3%
GE-Blend (65% Ethanol) 203 kPa 10 - 973 0.5331 0.7475 2.5%
GE-Blend (65% Ethanol) 300 kPa 11 - 1031 0.8399 0.7189 1.9%
GE-Blend (65% Ethanol) 401 kPa 10 - 1083 1.0771 0.7026 3.0%
GE-Blend (80% Ethanol) 105 kPa 12 - 909 0.2931 0.7928 5.3%
GE-Blend (80% Ethanol) 203 kPa 11 - 1009 0.4631 0.7701 2.9%
GE-Blend (80% Ethanol) 303 kPa 12 - 1032 0.5066 0.7725 1.3%
GE-Blend (80% Ethanol) 400 kPa 12 - 1103 0.6838 0.7549 1.2%
GE-Blend (90% Ethanol) 103 kPa 11 - 867 0.2807 0.8043 4.9%
GE-Blend (90% Ethanol) 201 kPa 10 - 945 0.3089 0.8104 1.8%
GE-Blend (90% Ethanol) 301 kPa 12 - 990 0.4692 0.7898 0.8%
GE-Blend (90% Ethanol) 402 kPa 12 - 1057 0.6542 0.7721 1.1%
aGE-Blend = gasoline-ethanol blend (content given in ethanol mole fraction).
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surrogates. Actually, with ethanol, it is not necessary to use any boiling correlation to calculate
heat transfer coefficient, because the usage of present experimental data is possible by taking the
exponential regression equation (Eq. 4.1) with the parameters shown in Table 4.1. However, an
appropriate pure component correlation shall be used considering platinum wire as test section
and when the fluid is a hydrocarbon. Hence, tests with n-pentane and n-heptane were also
performed.
4.1.1 Anhydrous Ethanol
Figure 4.1 presents experimental results with anhydrous ethanol at 102 kPa, 202 kPa
and 405 kPa pressures of heat transfer coefficient (HTC) variation with heat flux. As expected,
the heat transfer coefficient significantly increases with the increasing pressure and heat flux
(Gorenflo et al., 2014). It is also observed an increasing CHF with pressure (739 𝑘𝑊/𝑚2,
804 𝑘𝑊/𝑚2 and 942 𝑘𝑊/𝑚2 at 101 𝑘𝑃𝑎, 202 𝑘𝑃𝑎 and 405 𝑘𝑃𝑎, respectively), which was
expected as the test pressures are relatively low (𝑝𝑟 = 0.064 at 405 𝑘𝑃𝑎).
Figure 4.1: Heat transfer coefficient variation with heat flux with ethanol at different pressures.
Also, when observing the tests images, it is possible to see the decrease of bubble
size at higher pressures and the larger size and quantity of bubbles with higher heat fluxes
(Fig. 4.2). The image sharpness was greatly increased to ease the bubbles visualization. These








































Figure 4.2: Images of nucleate boiling in ethanol at different heat fluxes and pressures.
4.1.2 Hydrocarbons
Results for n-pentane and n-heptane are presented in Fig. 4.3 and 4.4, respectively.
As observed with ethanol, the higher the pressure, the higher the heat transfer coefficient at
the same heat flux. The CHF also increased with the increasing pressure, but less pronounced
with n-pentane (an increase of only 1.8% from 201 𝑘𝑃𝑎 to 301 𝑘𝑃𝑎, while with n-heptane
it increased 7.4% from 203 𝑘𝑃𝑎 to 307 𝑘𝑃𝑎). As reported by Gorenflo et al., 2014 and He-
witt, 1998, CHF increases with pressure at first and then it decreases with increasing pressure.
Hence, n-pentane CHF at 301 kPa might be closer to the inflection point, explaining the less
pronounced increase of CHF with pressure.
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Figure 4.3: Heat transfer coefficient with heat flux using n-pentane at different pressures.
Figure 4.4: Heat transfer coefficient with heat flux using n-heptane at different pressures.
4.2 Comparing Results with Boiling Correlations
Even though boiling correlations were not used to calculate the heat transfer coef-
ficient with ethanol (because the exponential regression equation is used), the test results were
compared with the three presented correlations (Fig. 4.5). Gorenflo correlation presented the
best overall accuracy among the three evaluated models, although Ribatski and Saiz Jabardo
correlation matches better the experimental data for heat fluxes higher than 250 𝑘𝑊/𝑚2 at
101 𝑘𝑃𝑎 (it is better presented in Fig. 4.8, with evaluation for different heat flux ranges at each
pressure).
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Figure 4.5: Comparison of pure components models with ethanol experimental results.
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The models evaluations are presented in Fig. 4.6 and 4.7 for each hydrocarbon result
(for n-pentane and n-heptane, respectively). In most cases, a better match was again achieved
when using Gorenflo correlation, even though a better agreement is observed in n-pentane re-
sults at higher pressures when using Ribatski and Saiz Jabardo correlation. The same obser-
vations can also be made using Fig. 4.8, where the predictive capacity of each correlation is
evaluated at first for two different heat flux ranges, then for the complete heat flux range and
with all the experimental data.
Figure 4.6: Comparison of pure components models with n-pentane experimental results.
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Figure 4.7: Comparison of pure components models with n-heptane experimental results.
Therefore, with the present results, it seems appropriate to use Gorenflo correla-
tion to evaluate nucleate boiling in hydrocarbons when calculating mixture boiling in gasoline
models.
Also, looking forward to validating the CHF observed in the various fluids of the
present work, the experimental results were compared with the predicted by Zuber correlation
with size correction factor (Eq. 2.4). Table 4.2 presents this comparison, where good agreement
is observed with the hydrocarbons. For ethanol, the deviation increases with the increasing
pressure. Therefore, in the present study, results of CHF are valid, which makes possible to
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For Each Fluid and Heat Flux < 250 kW/m²
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Figure 4.8: Average deviation of pure component correlations with experimental results.








101 kPa 737 823 11.67%
202 kPa 834 1050 25.90%
405 kPa 959 1310 36.60%
n-Pentane
121 kPa 446 445 -0.22%
201 kPa 532 512 -3.76%
301 kPa 529 563 6.43%
n-Heptane
102 kPa 454 383 -15.64%
203 kPa 507 460 -9.27%
307 kPa 526 501 -4.75%
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4.3 Experimental Results with Pure Gasoline
Results of heat transfer coefficient variation with heat flux with pure gasoline at
different pressures are presented in Fig. 4.9. Similarly to pure components, both the heat transfer
coefficient and CHF increase with the increasing pressure. However, as expected, the heat
transfer coefficient increase is much less pronounced when compared to pure components. It
is noticeable that the coefficients at pressures higher than 202 𝑘𝑃𝑎 are very similar, increasing,
for instance, less than 10% from 202 𝑘𝑃𝑎 to 403 𝑘𝑃𝑎 at heat fluxes higher than 400 𝑘𝑊/𝑚2.
Figure 4.9: Heat transfer coefficient change with heat flux with pure gasoline at several pres-
sures.
This behavior is typical in mixtures, which possibly happens because of the smaller
bubbles being detached (effect of increasing pressure), which decreases the enhanced convec-
tion role in heat transfer; and the increase of the effective bubble point temperature close to the
heating wall due to earlier evaporation of the more volatile component, reducing significantly
the heat transfer coefficient (Celata et al., 1994). As mentioned before, the formation of smaller
bubbles with higher pressures was observed and it is shown in Fig. 4.10 (being noticeable, for
instance, with results at 400 𝑘𝑊/𝑚2).
Reminding from literature, the hysteresis effect can take place in different manners
depending on if there is partial or total activation of the nucleation sites (Mitrovic, 2006). With
gasoline, it was observed a similar behavior of partial activation with pressures higher than
202 𝑘𝑃𝑎, even though total activation took place in tests close to atmospheric pressure. In
Fig.4.11 it is possible to see that, at 102 𝑘𝑃𝑎 and with the increasing heat flux process, an







































Figure 4.10: Images of nucleate boiling in pure gasoline at different heat fluxes and pressures.
superheat with the decreasing heat flux method. Nevertheless, for all the other test pressures the
wire temperature kept increasing even after bubble nucleation started, although in a lower rate
than during convection regime. Even at high heat fluxes, like 600 𝑘𝑊/𝑚2, it is still possible to
observe unmatched temperatures during increasing and decreasing heat flux processes, which
only converge close to CHF.
Moreover, this wire temperature difference between the two methods significantly
increases with pressure, as shown in Fig. 4.12. In this figure, it is also evident that total ac-
tivation happened at 102 𝑘𝑃𝑎 by seen a sudden cool down of the wire temperature with heat
flux. This increasing difference with pressure happens mainly because of smaller wire super-
heats in the decreasing heat flux process with increasing pressure than due to larger superheats
with increasing heat flux. In fact, the wire superheat during rising input process is quite similar
for pressures above 202 𝑘𝑃𝑎, including the superheat at the onset of nucleate boiling. There-
fore, this odd behavior took place or because the increasingly heat flux input might be affecting
the activation of the nucleation sites or an unusual phenomenon might be taking place on the
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Fluid: Pure Gasoline Fluid: Pure Gasoline
Decreasing Heat Flux
Increasing Heat Flux
p = 102 kPa p = 202 kPa p = 303 kPa p = 403 kPa
Figure 4.11: Hysteresis effect with pure gasoline at different test pressures: filled and hollow
symbols are results during increasing and decreasing heat flux, respectively.
wetting ability of the liquid with increasing pressure/temperature.



























p = 102 kPa
p = 202 kPa
p = 303 kPa
p = 403 kPa
Fluid: Pure Gasoline
Figure 4.12: Wire temperature difference between increasing and decreasing heat flux processes
with gasoline at different pressures.
Gorenflo mentions that such phenomenon of partial activation may occur due to
the heating operation (Gorenflo, 2010). The gradual increase of the heating power can be fast
enough to not activate in time all the nucleation sites. It degrades heat transfer and, therefore, the
heat transfer coefficient would be lower than the found with decreasing heat flux. To visualize
this effect, frames were taken both during decreasing and increasing heat flux processes at the
same heat flux for all the test pressures and are presented from Fig. 4.13 to Fig. 4.16. Again,
the images sharpness was significantly increased to facilitate the bubbles visualization.
It is evident in Fig. 4.14, 4.15 and 4.16 the difference in bubble formation between
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the two methods while convection takes place with rising heating input (the well-known hystere-
sis phenomenon). On the other hand, at heat fluxes higher than 300 𝑘𝑊/𝑚2 it is not noticeable
any significant difference in bubble formation between increasing and decreasing heat flux pro-
cesses. However, there is still a large difference of the wire temperature in each process (for
instance, about 12.1 ∘C with 400 𝑘𝑊/𝑚2 heat flux at 403 𝑘𝑃𝑎 pressure – see Fig. 4.16), which
strongly suggests that not all the nucleation sites have already activated. Of course, those im-
ages are only qualitative and very macroscopic. Therefore, if there is any difference in bubble
formation that explains the anomalous hysteresis observed in Fig.4.11, it is necessary better
images and microscopical analysis looking for smaller scale differences.
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Figure 4.13: Frames showing boiling during both decreasing and increasing heat flux processes
in gasoline at 102 𝑘𝑃𝑎 pressure (HF: Heat Flux; Temp. Diff.: Wire temperature difference
























































Figure 4.14: Frames showing boiling during both decreasing and increasing heat flux processes
in gasoline at 202 𝑘𝑃𝑎 pressure (HF: Heat Flux; Temp. Diff.: Wire temperature difference
























































Figure 4.15: Frames showing boiling during both decreasing and increasing heat flux processes
in gasoline at 303 𝑘𝑃𝑎 pressure (HF: Heat Flux; Temp. Diff.: Wire temperature difference
























































Figure 4.16: Frames showing boiling during both decreasing and increasing heat flux processes
in gasoline at 403 𝑘𝑃𝑎 pressure (HF: Heat Flux; Temp. Diff.: Wire temperature difference
between increasing and decreasing heat flux processes).
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4.4 Experimental Results with Gasoline-Ethanol Blends
Figure 4.17 presents results of heat transfer coefficient variation with heat flux for
gasoline-ethanol blends at approximately 102 𝑘𝑃𝑎, 202 𝑘𝑃𝑎 and 403 𝑘𝑃𝑎. The term 𝑥𝐸𝑡
express the composition by the ethanol content in mole fraction.


















































































Pressure: ≈ 102 kPa











































Pressure: ≈ 202 kPa










































Pressure: ≈ 403 kPa
Figure 4.17: Heat transfer coefficient variation with heat flux for gasoline-ethanol blends at
approximately 102 𝑘𝑃𝑎, 202 𝑘𝑃𝑎 and 403 𝑘𝑃𝑎, respectively. The blend composition is given
by ethanol mole fraction 𝑥𝐸𝑡.
The addition of gasoline to ethanol significantly degrades the heat transfer coeffi-
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cient. On the other hand, adding ethanol to gasoline does not degrade the heat transfer coef-
ficient in comparison with pure gasoline results. Actually, in the current study, pure gasoline
presented the lowest heat transfer coefficients. In general, the increasing content of ethanol in
the mixture increases the heat transfer coefficient until ethanol results are achieved, which are
the highest coefficients found in the present work.

























Pressure: ≈ 102 kPa




























Pressure: ≈ 202 kPa





























Pressure: ≈ 403 kPa
Figure 4.18: Heat transfer coefficient dependence on ethanol content at different heat flux levels
in gasoline-ethanol blends at approximately 102 𝑘𝑃𝑎, 202 𝑘𝑃𝑎 and 403 𝑘𝑃𝑎, respectively.
The same is observed when analyzing Fig. 4.18, which shows, for different heat
fluxes, the heat transfer coefficient dependence on the fluid composition at 102 𝑘𝑃𝑎, 202 𝑘𝑃𝑎
and 403 𝑘𝑃𝑎. It is possible to see that pure gasoline presents the lowest heat transfer coefficient
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among all the test fluids. Also, there is a small local peak at 20% ethanol mole fraction, which
happens because this composition is close to the azeotropic point, as reported by Pumphrey
et al., 2000, who found a vapor pressure peak at the same composition. Nevertheless, from
gasoline to approximately 35% ethanol mole fraction there is no truly pronounced change in
the heat transfer coefficient, even at higher heat fluxes.
Figure 4.19 presents the heat transfer coefficient degradation (ratio of the experi-
mental and the ideal coefficients) in function of the fluid composition at several pressures and
200 𝑘𝑊/𝑚2 heat flux. The ideal heat transfer coefficient was calculated using Eq. 2.5 and con-
sidering gasoline-ethanol a pseudo-binary mixture. The degradation uncertainty is about 6%. In
general, the higher the pressure, the higher the heat transfer coefficient degradation. The max-
imum decrease in comparison with the ideal coefficient is in between 65% and 80% ethanol
content, which indicates that near this composition is where there is the largest difference of
ethanol composition in vapor and liquid phases, according to the usual behavior of mixture
boiling (Hewitt, 1998; Peyghambarzadeh et al., 2009; Gorenflo, 2010).

















p  102 kPa
p  202 kPa
p  403 kPa
Heat Flux: 200 kW/m²
Figure 4.19: Heat transfer coefficient degradation dependence on the gasoline-ethanol blend
composition for each test pressure.
The results until 20% ethanol mole fraction are quite close to the ideal coefficient,
which indicates the presence of an azeotropic point and, therefore, suggests that gasoline-
ethanol blend is a non-ideal mixture. Another result that implies non-ideality in gasoline-
ethanol mixtures is the measured liquid saturation temperature of each blend (Fig. 4.20). The
mixtures bubble points are lower than the saturation temperatures of the each component, a
typical non-ideal behavior of alkane/alcohol mixtures (Prausnitz et al., 1998), as the example
of ethanol/n-hexane phase diagram shown in Fig.2.6.
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102 kPa 202 kPa 403 kPa
Figure 4.20: Measured saturation temperature (bubble points for the mixtures) for each
gasoline-ethanol blend composition and pressure.
Therefore, the consideration of gasoline as a pseudo-pure component might be
physically applicable, as it is a observed degradation in the heat transfer coefficient in com-
parison to the ideal value except at the azeotropic point. Nevertheless, the presence of small
quantities of ethanol in gasoline turned out to be only one more component in the middle of
hundreds of components, with almost no change in absolute the heat transfer coefficient. When
ethanol content became significant among the others (over 50%), there was a substantial growth
of the heat transfer coefficient.



















p = 102 kPa
p = 202 kPa
p = 403 kPa
Figure 4.21: Critical heat flux results with gasoline-ethanol blends for each composition and
pressure.
The CHF in gasoline-ethanol blends was also evaluated and it is presented depend-
ing on the mixture composition at each pressure in Fig. 4.21. As expected, because the tests took
place at relatively low pressures, the CHF increased with pressure in all the cases. It is possible
to see that gasoline and ethanol have very similar CHF at all the tested pressures. However, the
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increase of CHF with pressure in pure gasoline was more pronounced than with pure ethanol.
The CHF behavior in gasoline-ethanol blends presented an interesting behavior. On
the one hand, the addition of ethanol to gasoline tends to decrease the CHF in comparison
with gasoline results, reaching the minimum at around 20% ethanol mole fraction, close to the
azeotrope. On the other hand, the addition of gasoline to ethanol increased the CHF in com-
parison with ethanol results, reaching the maximum at approximately 80% ethanol (except at
403 𝑘𝑃𝑎 pressure, where there is a quite constant CHF between 50% and 80% ethanol content),
close to where it is expected to find the largest difference of ethanol compositions between the
vapor and liquid phases. It means that all these results match: at the azeotropic point the heat
transfer coefficient is the ideal and the CHF reaches a local minimum; between 65% and 80%
ethanol mole fraction, where the possibly largest composition difference is found, there are the
maximum heat transfer coefficient degradation and the maximum CHF (Hewitt, 1998).
Finally, it is discussed the effect of ethanol addition on the anomalous hysteresis be-
havior observed with gasoline. The increasing ethanol content in the blend gradually removes
this characteristic of partial nucleation until achieving total nucleation with pure ethanol. This
process can be observed with the results presented in Fig. 4.22, with the hysteresis effect with
some gasoline-ethanol blends at about 202 𝑘𝑃𝑎. In Fig. 4.23 it is found the temperature dif-
ference with increasing and decreasing heat flux processes for each blend and its variation with
heat flux, which clearly shows the disappearing trend of partial nucleation with the increasing
presence of ethanol in the mixture. Nevertheless, it is observed an increased peak of this tem-
perature difference with the addition of small quantities of ethanol, which, afterwards, starts to
decrease with its increasing content in the mixture. Eventually, when the fluid is pure ethanol,
the behavior of total nucleation is seen.
Frames of tests with each gasoline-ethanol blend (the composition is given by the
ethanol mole fraction 𝑥𝐸𝑡) are presented in Fig. 4.24 and 4.25. They are, respectively, for
heat fluxes at 100 𝑘𝑊/𝑚2 and 200 𝑘𝑊/𝑚2, being both at approximate 202 𝑘𝑃𝑎 pressure.
It is pretty clear in the images at 100 𝑘𝑊/𝑚2 (Fig. 4.24) the partial nucleation during rising
heating input, which explains the large temperature difference in the hysteresis effect. This
difference becomes less noticeable for ethanol mole fraction higher than 90%, which is coherent
with the low temperature difference presented in Fig. 4.23. However, it is not much clear the
discrepancies when looking the images at 200 𝑘𝑊/𝑚2 (Fig. 4.25), even with pure gasoline,
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Pressure: ≈ 202 kPa
Figure 4.22: Hysteresis effect for different fluid compositions at approximately 202 𝑘𝑃𝑎: filled
and hollow symbols are with increasing and decreasing heat flux processes, respectively.













































Pressure: ≈ 202 kPa
Figure 4.23: Wire temperature difference between increasing and decreasing heat flux processes
for different fluid compositions at approximately 202 𝑘𝑃𝑎.
where there is the maximum temperature difference. One exemption is the test image with 10%
ethanol content, where it is possible to identify several regions without bubble nucleation that



















































Figure 4.24: Frames showing boiling during both decreasing and increasing heat flux processes
for each gasoline-ethanol blend at 202 𝑘𝑃𝑎 pressure and 100 𝑘𝑊/𝑚2 heat flux (HF: Heat Flux;




















































Figure 4.25: Frames showing boiling during both decreasing and increasing heat flux processes
for each gasoline-ethanol blend at 202 𝑘𝑃𝑎 pressure and 200 𝑘𝑊/𝑚2 heat flux (HF: Heat Flux;
Temp. Diff.: Wire temperature difference between increasing and decreasing heat flux pro-
cesses).
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4.5 Modeling Nucleate Boiling in Gasoline and Gasoline-Ethanol Blends
This second step of the results consists in predicting nucleate boiling heat transfer
coefficients in gasoline and gasoline-ethanol blends. At first, it is presented how it was defined
the number of iterations in Monte Carlo procedure. Then, surrogates for gasoline modeling are
given with their predictive capacities by comparing their calculation results with the experimen-
tal data. Finally, the accuracy of each gasoline model is once more evaluated when mixed with
ethanol by, again, comparing with the test results.
It is important to notice that, in the present work, this modeling of boiling heat
transfer in gasoline and gasoline-ethanol blends has been performed only with results at around
102 𝑘𝑃𝑎. Since this is a novel method to calculate boiling heat transfer in mixtures of hundreds
of components, it was reasonable to, at first, restrict this study to only one pressure. Also, the
present modeling was not extended to CHF estimation of gasoline-ethanol blends. This analysis
would require analyzing CHF correlations with data in the literature to find the most accurate
or appropriate for the study, which is a similar process to the performed in Appendix C. It is
suggested to future works to evaluate these models at different pressures, as well as to compare
best models for each pressure and their applicability in CHF calculation (like using correlations
proposed by Fujita and Bai, 1997, or Yagov, 2004).
4.5.1 Determining the Number of Iterations in Monte-Carlo Method
As said before in Chapter 2 (Theory Overview) section 2.4, Monte Carlo methodol-
ogy was used to find the surrogates compositions for gasoline modeling. This process consists
of an optimization calculation to find the best match between mixture correlations (with a given
guess of the mixture composition) and experimental data. Rubinstein and Kroese, 2008, men-
tions that this type of Monte Carlo approach demands a relatively large number of iterations to
find the optimal value. Otherwise, the achieved result might still not be the optimal point.
For this reason, it was firstly defined the number of guesses for each number of
components in the surrogate. This way, it is guaranteed to find a result close enough to optimal
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value. Figures 4.26, 4.27 and 4.28 presents the evolution of Monte Carlo optimization along
the iterations for the search of gasoline surrogates compositions with 2, 3 and 4 components,
respectively, using both Inoue et al. and Unal correlations. In all the figures, the dashed blue
line shows the decreasing overall average deviation of the gasoline model from experimental
data along the iterations, which means it is converging to the composition that presents better
match with experimental data. The other lines are mole fractions of each component in the

















































































































































































Mixture Correlation: Inoue et al































































































Figure 4.27: Evaluation of Monte Carlo optimization with the number of iterations – 3 compo-
nents case (n-Pentane/n-Heptane/Iso-Octane).
Good convergence is always achieved, and both the composition and model de-
viation from experimental data does not change significantly until the maximum number of
iterations, which are the following for each number of components in the model:
∘ 2-Components Model: 2,000 iterations
∘ 3-Components Model: 200,000 iterations





















































Mixture Correlation: Inoue et al


































































































Figure 4.28: Evaluation of Monte Carlo optimization with the number of iterations – 4 compo-
nents case (n-Pentane/n-Heptane/Iso-Octane/n-Butane).
4.5.2 The Gasoline Surrogates for Nucleate Boiling
The following hydrocarbons mixtures were tested to define the gasoline surrogates.
Some trends and characteristics were observed, which guided the definition and choice of the
final gasoline surrogates:
∘ 1-Component Surrogate:
· Components: n-pentane; n-hexane; n-heptane; iso-octane
· It was observed that, in general, larger hydrocarbons presents lower heat transfer
coefficients (Fig. 4.29, where the heat transfer coefficients were calculated using
Gorenflo correlation, as they are pure components). Therefore, iso-octane, the one
that presented the lowest heat transfer coefficient among the four options, was cho-
sen to be the first 1-Component surrogate to be studied and it is referred in the
current study as surrogate A1.
· Also, among the four options, the higher the number of carbons in the hydrocarbon
structure the larger the ethanol content in the azeotropic point (Fig. 4.30, being the
azeotrope the mixture composition where the boiling range is zero). The azeotropic
point of ethanol/iso-octane is around 64% ethanol content, which is not at all close
to the azeotrope found with 20% ethanol mole fraction when mixed with gasoline.
Therefore, n-pentane will also be considered as a 1-Component surrogate, as its
azeotrope has around 10% ethanol (which is much closer to the gasoline-ethanol
case), and it is referred as surrogate A2.
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Figure 4.29: Comparison of 1-Component heat transfer coefficients (calculated with Gorenflo
correlation) with gasoline results.




































Figure 4.30: Boiling range (calculated with phase equilibria equations presented in Appendix B)
of different mixtures of ethanol and hydrocarbons at 102 𝑘𝑃𝑎.
∘ 2-Components Surrogate:
· Binary Mixtures: n-pentane/iso-octane; n-pentane/n-heptane; n-hexane/iso-octane;
n-butane/iso-octane
· Using mixtures with the main components found in gasoline (according to Al
Qubeissi et al., 2015, and listed in Chapter 2 section 2.4) and with their optimal
composition was not sufficient to degrade the heat transfer coefficient and reach the
very low values reported with gasoline (Fig. 4.31). The largest degradation was
observed when the boiling range of the mixture was also the largest, which means
the peak of the boiling range is the optimal composition when using Inoue et al.
correlation in n-pentane/n-heptane and n-pentane/iso-octane mixtures (Fig. 4.32).
Similarly, Unal correlation converged close to the maximum composition differ-
ence of the vapor and liquid phases (Fig. 4.33). For the present work, the mixture
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n-pentane/iso-octane was chosen to be one of the 2-component models and it will
be called surrogate B1, since the heat transfer coefficient calculation with its opti-
mal composition (which is 33.9% n-pentane/66.1% iso-octane with Unal correlation
and 52.4% n-pentane/47.6% iso-octane with Inoue et al. correlation) presented the
closest result to gasoline experimental data (Fig. 4.31).
















33.9% n-Pentane + 66.1% Iso-Octane
34.4% n-Pentane + 65.6% n-Heptane
37.9% n-Hexane + 62.1% Iso-Octane










































52.4% n-Pentane + 47.6% Iso-Octane
53.1% n-Pentane + 46.9% n-Heptane
46.4% n-Hexane + 53.7% Iso-Octane
16.4% n-Butane + 83.6% Iso-Octane
Gasoline (Experimental)
Pressure: 102 kPa
Correlation: Inoue et al






















Figure 4.31: Comparison of 2-components mixture heat transfer coefficients (calculated with
Unal and Inoue et al. correlations, respectively) with gasoline results.

































Figure 4.32: Boiling range (calculated with phase equilibria equations presented in Appendix B)
of different binary mixtures of hydrocarbons at 102 𝑘𝑃𝑎. The square points show where Monte
Carlo search converged for each mixture using Inoue et al. correlation
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Figure 4.33: Difference between vapor and liquid phases compositions (calculated with phase
equilibria equations presented in Appendix B) for hydrocarbons binary mixtures at 102 𝑘𝑃𝑎.
The square points show where Monte Carlo search converged for each mixture using Unal
correlation
· In order to have a solution that could reach gasoline very low coefficients, n-butane,
an even more volatile component, was also used to find a 2-component surrogate. In
Al Qubeissi et al., 2015, this component mole fraction in gasoline is about 3.91%,
which makes it as well one of the most present hydrocarbons in gasoline. When
mixed with iso-octane, it provides much larger boiling ranges and differences be-
tween vapor-phase and liquid-phase compositions, which made possible for the
Monte Carlo optimization to converge out of the peak boiling range with Inoue
et al. correlation (Fig. 4.32) and out of the largest composition difference with Unal
correlation (Fig. 4.33). In Fig. 4.31 it is possible to see better match with gaso-
line experimental results when the optimal composition of n-butane/iso-octane mix-
ture was used (7.7% n-butane/92.3% iso-octane with Unal correlation and 16.4%
n-butane/83.6% iso-octane with Inoue et al. correlation). Therefore, this binary
mixture of hydrocarbons is considered a 2-component gasoline model and is named
as surrogate B2.
∘ 3-Components Surrogate:
· Ternary Mixtures: n-pentane/n-heptane/iso-octane; n-butane/n-hexane/iso-octane;
n-pentane/n-hexane/n-heptane; n-pentane/n-hexane/iso-octane;
· After performing the Monte Carlo optimal point search with n-pentane/n-hexane/n-
heptane and n-pentane/n-hexane/iso-octane mixtures, it resulted in binary mixtures,
excluding the third component (which was n-hexane in both cases and using both
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Unal and Inoue et al. correlations). It happened for the same reason before: the
largest boiling range and composition difference in these mixtures are found in the
binary mixture line (see ideal ternary mixture plot in Fig. 2.8) and it is still not
significant enough to degrade the heat transfer coefficient to reach gasoline results.
· In the mixture n-pentane/n-heptane/iso-octane, it was possible to find a ternary mix-
ture using Unal correlation, however not with Inoue et al. correlation, which con-
verged to a n-pentane/iso-octane binary mixture.
· Therefore, there were two ternary mixtures that presented optimal points with all
the three components: n-pentane/n-heptane/iso-octane (surrogate C1), which, as
said before, is not valid with Inoue et al. correlation; and n-butane/n-hexane/iso-
octane (surrogate C2). Figure 4.34 presents the calculated heat transfer coefficient
using the optimal ternary mixtures models for each mixture correlations together
with gasoline experimental data. It is noticeable a good match between calculations
and test results with all of these surrogates.



















20.3% n-Pentane + 41.2% n-Heptane + 38.5% Iso-Octane (Unal)
6.8% n-Butane + 1.1% n-Hexane + 92.1% Iso-Octane (Unal)
26.2% n-Butane + 42.1% n-Hexane + 31.7% Iso-Octane (Inoue et al)
Gasoline (Experimental)
Pressure: 102 kPa






















Figure 4.34: Comparison of 3-components mixture heat transfer coefficients (calculated with
Unal or Inoue et al. correlations) with gasoline results.
∘ 4-Components Surrogate:
· Quaternary Mixtures: n-pentane/n-hexane/n-heptane/iso-octane; n-butane/n-pen-
tane/n-heptane/iso-octane;
· When Monte Carlo was applied in both quaternary mixture cases, Inoue et al. and
Unal correlations converged to or binary or ternary mixtures (the mole fractions of
excluded components were smaller than 0.5%). The reason of this result is similar
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to the previously explained in the 3-Component surrogate case: the boiling range/-
composition difference was not large enough to degrade the heat transfer coefficient
sufficiently to reach gasoline results.
· For the n-butane/n-pentane/n-heptane/iso-octane case, both correlations converged
to a ternary system by excluding n-heptane. It happened because n-heptane and iso-
octane present very similar characteristics (like boiling points and phase diagrams
when mixed with other hydrocarbons). Since iso-octane presents a lower calcu-
lated heat transfer coefficient than n-heptane, its presence is preferred in mixtures to
achieve the very low coefficients of gasoline.
· Therefore, it was not found a 4-Component surrogate to consider in the present
study.
With that said, the following surrogates with their specific compositions were cho-
sen for the present study, which are given in Table 4.3. Note that for the same hydrocarbon
system (binary or ternary), it has different mole fraction (M.F.) composition, which is accord-
ing to the found in Monte Carlo calculation for each correlation (Unal or Inoue et al.). Table 4.3
gives the overall average deviation of each surrogate calculated with Eq. 4.2. Some surrogates
presented better match with gasoline results, with outstanding performance of surrogates C2-
Inoue and B2-Inoue (respectively, 3.5% and 3.6% deviation only).
Figure 4.35 presents all the surrogates in the same plot together with gasoline ex-
perimental results. For a better view of the surrogate predictive capacity, Fig. 4.36 shows the
deviation from experimental data of the predicted heat transfer coefficient with each surrogate
at different heat fluxes. In this plot, A1-Gor10 and A2-Gor10 surrogates are not presented to
make possible a better analysis of the most accurate surrogates. It is evident the high-quality
results of B2-Inoue and C2-Inoue surrogates, with deviations smaller than 5% for the whole
range of heat flux.
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Table 4.3: Gasoline surrogates found with Monte Carlo method and their overall average devi-









A1-Gor10 1 Gorenflo (2010) Iso-Octane 100.0% 95.2%
A2-Gor10 1 Gorenflo (2010) n-Pentane 100.0% 111.1%




























Sensitivity of Gasoline Modeling
Since experimental results have uncertainties, it is interesting to evaluate the Monte
Carlo convergence to the optimal compositions when using the test results of gasoline heat trans-
fer coefficient at their extremes (minimum and maximum conditions). Table 4.4 presents this
analysis, where it can be seen the converged composition at nominal (which are the surrogates
presented earlier in Table 4.3), minimum and maximum cases.
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Figure 4.35: Comparison of the experimental heat transfer coefficient of pure gasoline with the
predicted with each surrogate at 102 𝑘𝑃𝑎.






























Figure 4.36: Deviation at several heat fluxes of the predicted heat transfer coefficient with each
surrogate at 102 𝑘𝑃𝑎 (A1-Gor10 and A2-Gor10 excluded for a better analysis).
Obviously, for pure-component surrogates, the composition could not change.
Hence, it is only observed smaller deviation when the maximum condition is considered, as
pure components present higher heat transfer coefficient than a mixture like gasoline. Similar
behavior is also observed with B1 surrogates because the optimal composition with nominal
results still presents much greater heat transfer coefficients than gasoline, which means Monte
Carlo will converge to the same optimal composition no matter which test result condition is
used.
Nevertheless, when this Monte Carlo sensitivity analysis is performed in the B2
surrogates and ternary mixtures (C1 and C2), very different composition from the original is
achieved. Notice that these are the surrogates that presented better match with gasoline re-
sults. In general, greater deviation from the nominal composition was observed when using
experimental results at their maximum condition. In the case of B2 and C2 surrogates, for in-
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Table 4.4: Sensitivity analysis of Monte Carlo optimal composition for each surrogate when





M.F. OAD M.F. OAD M.F. OAD
A1-Gor10 Iso-Octane 100.0% 95.2% 100.0% 98.8% 100.0% 91.7%







































7.9%n-Heptane 41.2% 46.2% 35.6%







7.8%n-Hexane 1.1% 0.8% 0.3%







3.7%n-Hexane 42.1% 0.7% 50.0%
Iso-Octane 31.7% 81.8% 15.2%
stance, n-butane content was greater at the maximum case because it has higher heat transfer
coefficients than iso-octane, which increases the ideal heat transfer coefficient.
When using results at minimum, it is observed in B2 surrogates a trend in the mix-
ture composition to increasing boiling range (for Inoue et al. correlation) and composition
difference (for Unal correlation) by slightly increase the n-butane content (see Fig. 4.33). This
way, the heat transfer degradation is larger, decreasing the calculated heat transfer coefficient
and, hence, the model becomes closer to experimental data at the minimum. On the other hand,
without any significant change in the boiling range, the heat transfer coefficient was decreased
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in the C2-Inoue case by substantially increasing iso-octane content, component which presents
the lowest heat transfer coefficient.
Anyhow, the proposed surrogates compositions to be used in the present study are
still the same as obtained with the nominal experimental results. Then, it is actually necessary
to understand how accurate they are even when considering the experimental uncertainties.
Table 4.5 presents the surrogates overall average deviation for each case. For surrogates that
presented better match with experimental results (namely B2, C1 and C2 models), even with
data at extreme conditions, the overall average deviation is not much different of the nominal
(less than 1% difference).









A1-Gor10 95.2% 98.8% 91.7%
A2-Gor10 111.1% 115.0% 107.4%
B1-Unal 12.6% 13.7% 11.7%
B1-Inoue 19.2% 21.3% 17.3%
B2-Unal 7.6% 7.6% 8.1%
B2-Inoue 3.6% 4.2% 4.3%
C1-Unal 7.7% 7.7% 8.3%
C2-Unal 7.6% 7.7% 8.1%
C2-Inoue 3.5% 4.2% 4.3%
4.5.3 Behavior of Gasoline Surrogates with Presence of Ethanol
Before evaluating the modeling results of the surrogates mixed with ethanol, it was
set a heat flux value as baseline for comparison of the heat transfer coefficients between the
models’ calculations and test results. The cases used in the determination of this heat flux were
surrogates A1-Gor10 and A2-Gor10, the least accurate models and the most probable to have
larger accuracy variation with heat flux. Both Unal and Inoue et al. correlations were considered
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to calculate the heat transfer coefficient when ethanol was present. Figures 4.37 and 4.38 show
the effect of heat flux on the model deviation for each gasoline-ethanol blend. It is possible to
see that, with lower ethanol contents, the higher the heat flux the higher the deviation. At higher
ethanol mole fractions, the deviation is almost constant. However, it is possible to observe
the accuracy trend of the model with the composition using any of these three heat flux levels,
which makes it somehow arbitrary to choose the baseline heat flux for comparison. Therefore,
the heat flux that was chosen to compare the models’ calculations is 400 𝑘𝑊/𝑚2. Once found
the best surrogate at this heat flux, the heat flux effect is again analyzed with the best surrogate
only.

























































Model: A1-Gor10 (Inoue et al)
Figure 4.37: Evaluation of heat flux effect on the model deviation from experimental results for
each gasoline-ethanol blend (Surrogate A1-Gor10).



















































Model: A2-Gor10 (Inoue et al)
Figure 4.38: Evaluation of heat flux effect on the model deviation from experimental results for
each gasoline-ethanol blend (Surrogate A2-Gor10).
At first, the modeling results with A1-Gor10 and A2-Gor10 surrogates mixed with
ethanol are compared in Fig. 4.39. Both Unal and Inoue et al. correlations provide similar
behavior when calculating the mixture heat transfer coefficient – for instance, local maxima
close to azeotropic point and minima at peak boiling ranges/composition differences. Also,
as A1-Gor10 and A2-Gor10 are single-component surrogates, the addition of ethanol to the
surrogates significantly degrades the heat transfer.
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A1-Gor10 (Inoue et al)
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Figure 4.39: Comparison of modeling calculations with A1-Gor10 and A2-Gor10 with presence
of ethanol (using both Unal and Inoue et al. correlations) with test results at 400 𝑘𝑊/𝑚2.
Furthermore, the azeotropic composition of each surrogate-ethanol mixture signifi-
cantly affects the accuracy of the model along the blend composition. Figures 4.37 and 4.38 are
useful to understand this analysis. For example, the A1-Gor10 surrogate (iso-octane) presented
better match with experimental results at the extreme compositions (10%, 20% and 90% ethanol
content), because its azeotrope is at around 65% ethanol. This way, the extremes present larger
heat transfer degradation and, consequently, get closer to the experimental results. On the other
hand, A2-Gor10 surrogate (n-pentane) presented poor accuracy at low ethanol content, which
is close to the azeotropic point (10% ethanol), and better match at higher ethanol mole fraction
(with Inoue et al. correlation). Hence, neither the single-component surrogates present satisfac-
tory agreement with experimental results and they should not be used at all to calculated boiling
heat transfer coefficients in gasoline-ethanol blends.
The other models are now evaluated together in Fig. 4.40 and 4.41 (for Unal and
Inoue et al. correlations models, respectively) to analyze the effect of surrogates number of
components on the predictive capacity. A2-Gor10 was the only single-component surrogate
plotted to avoid clutter. However, it is not present in the model deviation plot for better analysis
of the other surrogates (A2-Gor10 deviation is much higher than the others).
It is not necessarily seen an improvement of the model accuracy by only increasing
the number of components. For example, B2-Unal surrogate presented better accuracy than
C1-Unal in most of the points (Fig. 4.40). Also, the trend observed in other research areas
(like phase equilibria studies) of better accuracy of the models when ethanol content is higher
is not valid with nucleate boiling modeling if using the present study method – finding first the
surrogate with gasoline results and then evaluating it when mixed with ethanol. In fact, the
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Heat Flux: 400 kW/m²
Figure 4.40: Calculated heat transfer coefficients with surrogates-ethanol mixtures using Unal
correlation at 400 𝑘𝑊/𝑚2 compared with experimental results (at top) and modeled heat trans-
fer coefficient deviation from experimental (at bottom).
opposite took place: the Monte Carlo method provided better accuracy for calculations of heat
transfer coefficient with gasoline and gasoline-ethanol blends with low contents of ethanol.
Explicitly, good accuracy (less than 10% deviation at 400 𝑘𝑊/𝑚2) can be obtained
when using C2-Unal or C2-Inoue surrogates (remembering that C2 surrogate is a ternary mix-
ture of n-butane/n-hexane/iso-octane) until about 65% ethanol content in the blend. C1-Unal
surrogate also presented good accuracy for blends with up to 65% ethanol mole fraction. If con-
sidering the binary mixture surrogates, B1 surrogates are not satisfactory in most of the points.
However, B2-Inoue surrogate presented a quite good accuracy at all the points, except at 65%
ethanol content blend where it deviates from test results about 14% (see Fig. 4.41). Hence, to
evaluate the models’ accuracy with different heat fluxes, B2-Inoue and C2-Inoue surrogates are
used because they were, in general, the most accurate surrogates at 400 𝑘𝑊/𝑚2. Figure 4.42
presents the average deviation of the five most accurate surrogates considering all the tested
gasoline-ethanol blends.
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Heat Flux: 400 kW/m²
Figure 4.41: Calculated heat transfer coefficients with surrogates-ethanol mixtures using Inoue
et al. correlation at 400 𝑘𝑊/𝑚2 compared with experimental results (at top) and modeled heat
transfer coefficient deviation from experimental (at bottom).


























Heat Flux: 400 kW/m²
Figure 4.42: Average deviation comparison of the five most accurate surrogates (mixed with
ethanol) at 400 𝑘𝑊/𝑚2.
Beginning with the B2-Inoue surrogate, Fig. 4.43 presents in the same plot the cal-
culated heat transfer coefficients using B2-Inoue surrogate mixed with ethanol, and gasoline-
ethanol blends experimental data at four different heat fluxes. Error bars were removed to
avoid graph overcrowding. The previous analysis remains valid: the modeling is less accurate
between 50% and 65% ethanol mole fraction, where the surrogate mixed with ethanol approx-
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Figure 4.43: Calculated heat transfer coefficient of B2-Inoue surrogate mixed with ethanol and
gasoline-ethanol blends experimental data at several heat fluxes.




























Figure 4.44: Relative deviation of B2-Inoue surrogate mixed with ethanol from gasoline-ethanol
blends experimental data at several heat fluxes.
imates to an azeotrope and, therefore, overestimates the gasoline-ethanol blend heat transfer
coefficient. The same conclusion is observable in Fig. 4.44, which presents the surrogate rela-
tive deviations from gasoline-ethanol blends test results.
Performing the same procedure with C2-Inoue surrogate, Fig. 4.45 and 4.46
presents, respectively, the calculated heat transfer coefficient with experimental data at sev-
eral heat fluxes and its relative deviations. Once more, what has been said before is still valid:
better agreement with test results is observed until 65% ethanol content. However, with the
heat flux of 600 𝑘𝑊/𝑚2 (where the surrogate is less accurate even with pure gasoline), the heat
transfer coefficient is significantly overestimated between 35% and 50% ethanol mole fraction
because this is the local of approximation to azeotrope of C2-Inoue/ethanol mixture.
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Figure 4.45: Calculated heat transfer coefficient of C2-Inoue surrogate mixed with ethanol and
gasoline-ethanol blends experimental data at several heat fluxes.































Figure 4.46: Relative deviation of C2-Inoue surrogate mixed with ethanol from gasoline-ethanol
blends experimental data at several heat fluxes.
With the present results, it becomes clear that an accurate gasoline surrogate that is
still applicable when mixed with ethanol is possible if the surrogate-ethanol mixture supplies
a phase diagram close to the real case. For instance, one can take Inoue et al. correlation
and invert the equation to find which is the desired boiling range profile that would match














The ideal heat transfer coefficient, which is formally calculated by Eq. 2.5, would













If considering for this calculation that all the hydrocarbons heat transfer coefficient
are the same of n-hexane (as n-hexane heat transfer coefficient is about the average of the hydro-
carbons coefficients considered in the present study, including n-butane (Gorenflo et al., 2014)),










Hence, the boiling range (calculated with Eq. 4.3) that would make Inoue et al.
correlation match all experimental data with 400 𝑘𝑊/𝑚2 heat flux is presented in Fig. 4.47.
It is noticeable that B1-Inoue surrogate boiling range when mixed with ethanol is quite far
from the desired until 80% ethanol content. On the contrary, it is noticeable that C2-Inoue
surrogate boiling range is close to the wanted until 65% ethanol and that B2-Inoue correlation
is approximately the desired in almost all the mixture composition except at 65%. It explains
why they are the most accurate surrogates with the presence of ethanol and also why there are
composition ranges where they are less accurate.




































Heat Flux: 400 kW/m²
Figure 4.47: Boiling ranges at 102 𝑘𝑃𝑎 of B1-Inoue, B2-Inoue and C2-Inoue surrogates when
mixed with ethanol and the desired boiling range calculated with Eq. 4.3 at 400 𝑘𝑊/𝑚2.
Therefore, the ideal gasoline surrogate for nucleate boiling heat transfer calculation
in gasoline-ethanol blends will be the one that presents a boiling range profile as calculated
and presented in Fig. 4.47. Moreover, taking as well the measured bubble points in each test
at 102 𝑘𝑃𝑎 (shown in Fig. 4.20), the baseline phase diagram to serve as an input to find the
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ideal surrogate is given in Fig. 4.48. This phase diagram or the desired boiling range profile are
possibly great inputs to find a better surrogate to fit the heat transfer coefficient calculations in
all the experimental data.



















































Heat Flux (Baseline): 400 kW/m²
Figure 4.48: Estimated gasoline-ethanol phase diagram at 102 𝑘𝑃𝑎 with inverted Inoue et al.
correlation at 400 𝑘𝑊/𝑚2 and measured bubble point temperatures.
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5 Conclusions
Nucleate boiling with gasoline and gasoline-ethanol blends was comprehensively
studied to experimentally evaluate the mixture and pressure effects on the heat transfer coef-
ficient and critical heat flux. An experimental rig was entirely designed and built to perform
the tests of this Ph.D. project. Also, a novel method using Monte Carlo search was presented
to model and predict nucleate boiling heat transfer coefficient in gasoline and gasoline-ethanol
blends. The characteristics and performance of this modeling process were discussed and eval-
uated.
The following conclusions regarding the experimental analysis were made:
1. For all the tested fluids, the heat transfer coefficient increased with pressure. However,
this increase is much more significant in ethanol and pure hydrocarbons, which are pure
components. In gasoline and gasoline-ethanol blends, this increase was less substantial,
which is a typical behavior of mixtures of components.
2. The heat transfer coefficient was approximately the same from pure gasoline until about
35% ethanol mole fraction. Only when ethanol content became significant in the blend
(over 50%), the heat transfer started to increase with the addition of ethanol, reaching the
maximum value with pure ethanol.
3. When looking at the heat transfer coefficient degradation, it was observed that until 20%
ethanol mole fraction, which is close to the azeotrope point, the heat transfer coefficient
was almost the ideal. This result also indicates the presence of an azeotrope, which con-
solidates the reported by Pumphrey et al., 2000. The coefficient degradation began just
when ethanol content was higher than 20%. It means that the consideration of gasoline
as a pseudo-pure component in gasoline-ethanol blends might apply to nucleate boiling,
once it presented typical results of boiling with non-ideal mixtures.
4. The CHF with pure gasoline and pure ethanol were similar at all the tested pressures.
When evaluating the CHF with gasoline-ethanol blends, an opposite behavior was ob-
served on each extreme of the composition. The addition of small quantities of ethanol to
gasoline tended to decrease the CHF (in comparison with gasoline results). On the other
side, the addition of small amounts of gasoline to ethanol increased the CHF (compared
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with ethanol results). For all the test fluids, the critical heat flux increased with pressure.
5. Moreover on the CHF results, the minimum was reached close to the azeotropic point,
while the maximum was found close to where the heat transfer degradation was the max-
imum too. These results agree with the literature and, therefore, consistently indicates the
existence of the azeotrope with around 20% ethanol content. Furthermore, it also sug-
gests that the largest difference of compositions in vapor and liquid phases is in between
65% and 80% ethanol mole fraction.
6. The results and images of nucleate boiling in gasoline presented a typical behavior of
partial nucleation when the pressure was above 200 𝑘𝑃𝑎. However, the wire temperature
kept increasing instead of cooling down, even after the onset of nucleate boiling. The
measured temperatures during decreasing and increasing heat flux converged just close
to CHF. When gasoline pressure was 102 𝑘𝑃𝑎, total nucleation took place, followed by a
sudden drop in the wire temperature.
7. The addition of ethanol to gasoline gradually diminished this partial nucleation behavior,
eventually reaching total nucleation with pure ethanol. However, the addition of ethanol
to gasoline increased the temperature difference between increasing and decreasing heat
flux (in comparison with gasoline results), which afterwards decreased with further addi-
tion of ethanol in the blend.
Now regarding modeling of gasoline and prediction of the heat transfer coefficient
in gasoline and its blends with ethanol, the findings of the present work are the following:
1. Since heat transfer coefficient in gasoline is very low, the choice of the hydrocarbons
to compose the surrogates becomes important. If the boiling range or the difference be-
tween the vapor-phase and liquid-phase compositions are not large enough, the calculated
coefficient of the mixture is not low enough to reach the gasoline results. Therefore, it
is suggested to choose hydrocarbons with very different volatilities (like n-butane and
iso-octane) to compose the gasoline surrogate.
2. The choice of the surrogate components must also be careful if it is desired to add more
hydrocarbons to the model. Choosing similar components in the model might eliminate
one of them during the optimal composition search, like the occurred with the attempt to
find a 4-component surrogate.
112
3. The use of Monte Carlo method to find the hydrocarbons mixture optimal composition
turned out to be an efficient procedure with stable convergence and accurate results. The
sensitivity analysis showed that a slight change in the experimental data significantly
affects the optimal composition of the surrogate.
4. Unlike the reported in other research fields, like droplet evaporation and fluid phase equi-
libria, the presence of more components in the surrogate composition did not necessarily
mean the model were more accurate. For example, it was observed similar predictive ca-
pacity using surrogates with two and three components. Nevertheless, it is not suggested
to use real single-component surrogates to model nucleate boiling in gasoline, because the
calculated heat transfer coefficient is highly overestimated and its mixture with ethanol
was not accurate in most of the compositions.
5. Furthermore, unlike in other research fields, the model accuracy did not improve with the
increasing content of ethanol. The reason might be the use of Monte Carlo method to find
the optimal composition with pure gasoline results, which led to surrogates more accurate
in blends with low ethanol contents.
6. Among the proposed models to calculate heat transfer coefficient in gasoline at 102 𝑘𝑃𝑎,
B2-Inoue (16.4% n-butane / 83.6% iso-octane) and C2-Inoue (26.2% n-butane / 42.1%
n-hexane / 31.7% iso-octane) presented the most accurate calculations if using Inoue
et al. correlation. In fact, they still were the most accurate to calculate the heat transfer
coefficient in gasoline-ethanol blends (less than 20% deviation with any composition).
7. By inverting Inoue et al. correlation, a desired boiling range profile was proposed
for gasoline-ethanol blends, which would make the calculation highly accurate if the
surrogate-ethanol mixture presented a similar profile, as the observed with B2-Inoue and
C2-Inoue surrogates.
8. Finally, using own experimental data with gasoline-ethanol blends (bubble point temper-
atures and heat transfer coefficients) and the inverted Inoue et al. correlation, a phase
diagram for gasoline-ethanol blend at 102 𝑘𝑃𝑎 pressure was proposed.
Regarding the application of the subject of this Ph.D. thesis, this research signif-
icantly improved the understanding of the heat transfer phenomenon in fuel heating systems.
The CHF found for ethanol, gasoline and gasoline-ethanol blends are important information to
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set the power of fuel heaters. Also, the heat transfer coefficients for each fluid help to establish
the working temperature of fuel heaters in worst condition (fuel at saturation temperature). Fi-
nally, the use of the B2-Inoue surrogate to replace gasoline in calculations might aid the project
of future fuel heater concepts.
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6 Suggestions for Future Works
These next lines are suggestions for future works related to the present work:
∘ About experimental studies on nucleate boiling with gasoline and gasoline-ethanol blends
· Perform a similar study, although with pressures close to and above the critical point.
This analysis might help applications of fuel heating systems.
· Perform tests with exponentially increasing heat input in gasoline and gasoline-
ethanol blends to analyze the spontaneous heterogeneous nucleation, which might
lead to a direct transition to film boiling. This study might aid projects of fuel heat-
ing systems as well.
∘ About the anomalous hysteresis effect at the onset of nucleate boiling with gasoline
· Perform the test with higher pressures to observe whether partial nucleation still
takes place or if it changes back to total nucleation.
· Perform visual analysis with better imaging equipment to visualize differences be-
tween increasing and decreasing heat flux processes in a microscopic scale.
· Evaluate the wetting characteristics of gasoline at different temperatures, including
values at higher pressures. It is further suggested to measure the fluid wettability
while nucleate boiling is taking place.
· Perform tests in gasoline at different pressures with different test sections (flat sur-
faces and tubes, for example) and materials to see if such phenomenon still occurs.
· Evaluate as well the wetting characteristics of gasoline-ethanol blends to under-
stand the reason why ethanol gradually diminishes the anomalous hysteresis effect
at higher pressures.
∘ About modeling of gasoline nucleate boiling (and other multicomponent mixtures)
· Find a surrogate that, when mixed with ethanol, provides a boiling range or phase
diagram similar to the presented in the results (Fig. 4.47 and 4.48, respectively),
and compare the calculated heat transfer coefficient using this surrogate with exper-
imental data of gasoline-ethanol blends.
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· Evaluate if B2-Inoue and C2-Inoue are still accurate to calculate the heat transfer
coefficient of gasoline-ethanol blends at higher pressures.
· Find surrogates with four and five components in its composition to confirm if in-
deed the accuracy of the model is not correlated with the number of components.
· Use the same modeling process of the present work with other multicomponent
mixtures (like diesel and kerosene). It would also be interesting to perform the same
analysis with a mixture of many components of another nature (alcohols, halogens,
and others).
· Check if B2-Inoue and C2-Inoue surrogates are also applicable to calculate the CHF
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APENDIX A – Uncertainties Analysis
All the measurements were verified with calibrated equipment to guarantee good
quality in the results. At first, it is presented the calibration and verification results. Afterwards,
the uncertainties analysis is done following Moffat, 1988.
A.1 Measurements Calibration and Verification
A.1.1 Pressure Transducer Calibration
Follows in Table A.1 the pressure transducer calibration result. The correlation
of the measured output current with a referential pressure (a calibrated high-precision absolute
pressure gauge – Wallace & Tiernan Chlorator GmbH., of 0-800 kPa span and 0.5 kPa precision)
resulted in Eq. A.1. Its average uncertainty is 0.6 kPa.
𝑝 [𝑘𝑃𝑎] = 74.87𝐼𝑃𝑇 − 302.87 (A.1)












148.0 6.040 149.3 1.3
207.2 6.818 207.6 0.4
209.2 6.840 209.2 0.0
321.7 8.339 321.5 -0.2
323.6 8.370 323.8 -0.2
432.7 9.831 433.2 0.5
435.2 9.866 435.8 0.6
566.3 11.626 567.6 1.3
659.2 12.841 658.5 -0.7
740.4 13.926 739.8 -0.6
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A.1.2 Thermocouples Verification
Type-T thermocouples were used to measure both liquid and vapor temperatures.
Their accuracy verification was performed by filling the boiling chamber with a liquid and using
a calibrated high-precision Pt100 sensor as a reference (Table A.2). When testing at 63.2 ∘C,
the acquisition of one thermocouple (TC 3) presented an error during data saving, so it was
lost. Nevertheless, the verification is still valid and shows a maximum uncertainty of 0.2 ∘C in
comparison with the referential value.


















31.5 31.4 31.6 31.5 31.5 0.1
65.7 65.6 65.6 65.8 65.8 0.1
63.2 63.0 63.2 - 63.1 -0.2
23.4 23.4 23.5 23.5 23.6 0.2
26.4 26.4 26.2 26.3 26.3 -0.2
A.1.3 Voltage Measurement Verification
Voltage acquisition was also verified with a calibrated Agilent 34410A 61⁄2 digit
multimeter and the result is presented in Table A.3 (for [𝑉 ] scale) and Table A.4 (for [𝑚𝑉 ]
scale). It is separated because the measurement is done in different channels of the data acquisi-
tion system. The [𝑚𝑉 ] scale is used during the wire Temperature-Resistance curve acquisition,
while the [𝑉 ] scale is for the boiling curve test. It was found a small offset on the [𝑉 ] scale
measurement of about 0.0007 𝑉 , which was corrected and included in the results shown in
Table A.3.
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0.2459 0.2462 0.0003 0.122%
0.3875 0.3876 0.0001 0.026%
0.8673 0.8673 0.0000 0.000%
1.2343 1.2344 0.0001 0.008%
1.7444 1.7443 -0.0001 -0.006%
2.4399 2.4396 -0.0003 0.012%











9.337 9.321 -0.016 -0.171%
9.537 9.544 0.007 0.073%
10.061 10.077 0.016 0.159%
10.818 10.804 -0.014 -0.129%
A.1.4 Electrical Current Calibration
The electrical current passing through the platinum wire is calculated based on the
voltage measured on a shunt resistor. The referential value was a calibrated DC Power Supply
(Chroma 62006P-100-25) with a precision of 0.001 A. Eq. A.2 is the result of this calibration,
while Table A.5 presents the raw data that led to this calibrated linear correlation.
𝐼𝑤 [𝐴] = 0.676201𝑉𝑆ℎ + 0.013995 (A.2)
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0.505 0.723 0.503 -0.002 -0.59%
1.002 1.463 1.003 0.001 0.10%
1.802 2.646 1.803 0.001 0.06%
2.602 3.829 2.603 0.001 0.04%
4.999 7.374 5.000 0.001 0.02%
7.996 11.804 7.996 0.000 0.00%
10.005 14.772 10.003 -0.002 -0.02%
12.003 17.728 12.002 -0.001 -0.01%
15.004 22.165 15.002 -0.002 -0.01%
17.011 25.140 17.014 0.002 0.02%
A.2 Uncertainties Estimation
Once known the uncertainties of each measure, it is possible to estimate the further
parameters uncertainties by propagation. However, to finally calculate it for the heat transfer co-
efficient, it is necessary to know the uncertainty of the acquired Temperature-Resistance curve.
Therefore, this analysis is firstly presented before discussing the boiling curve test uncertainties.
A.2.1 Uncertainty of the Wire Temperature-Resistance Linear Regression
This preliminary test has been described in Chapter 3 section 3.2.2. As said, a cur-
rent of about 52 𝑚𝐴 passes through the wire and its voltage is measured, so the wire resistance
is calculated by Ohm’s Law for each pool temperature. The electrical current uncertainty is less
than 0.01%, so it is negligible. Hence, the calculated resistance maximum uncertainty is 0.17%,
as it is for the voltage in [𝑚𝑉 ] scale presented in Table A.4.
With the pool at a uniform temperature, it is considered the wire is as well at this
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same temperature. Therefore, the considered wire temperature has the same uncertainty of the
bath temperature of 0.20 ∘C. By measuring the test section resistance at several different tem-
peratures, a Temperature-Resistance curve is plotted as was shown in Fig. 3.6. The maximum
uncertainty of linear regression to find the Temperature-Resistance curve (𝛿𝑇𝑤,𝑙𝑟 = 0.15 ∘C) is
determined by comparing the calculated wire temperature and the referential temperature. This
way, the wire temperature linear regression uncertainty is calculated by Eq. A.3, which results
in 0.25 ∘C uncertainty.
𝛿𝑇𝑙𝑟 =
√︁




0.202 + 0.152 = 0.25 ∘𝐶 (A.3)
A.2.2 Power and Heat Flux Uncertainties
The power dissipated by the wire is the product of the voltage, the electrical current
and a correction factor of 0.985 (as presented in the Test Methodology, section 3.2.3). This
factor is to remove series resistances from the calculation.
The electrical current maximum uncertainty is about 0.60% for values lower than
1.8 𝐴 and 0.06% otherwise (see Table A.5). To achieve better accuracy, the results were only
considered if the current was higher than about 1.8𝐴. For the present test section, it corresponds
to voltages higher than 0.45 𝑉 and heat fluxes greater than about 10 𝑘𝑊/𝑚2. This way, the















0.000122 + 0.00062 = 0.06% (A.4)
The heat flux is found by dividing this power by the wire surface area, which is the
product of 𝜋, the wire diameter and its length. The length uncertainty is negligible (0.02 𝑚𝑚
in 75.60 𝑚𝑚, which is less than 0.03%), so the area uncertainty is 0.35%, the same of the wire
diameter (0.001 𝑚𝑚 in 0.285 𝑚𝑚). Again considering results about 10 𝑘𝑊/𝑚2, the heat flux
















0.00062 + 0.00352 = 0.36% (A.5)
A.2.3 Resistance Uncertainty
During the boiling curve test, the resistance is calculated using Ohm’s Law with the
voltage signal (in [𝑉 ] scale as seen in Table A.3) and the electrical current through the wire
(calibrated as shown in section A.1.4 of this Appendix). Therefore, the maximum resistance















0.000122 + 0.00062 = 0.06% (A.6)
A.2.4 Wire Temperature Uncertainty
With the test section resistance (discussed in topic A.2.3) and the Temperature-
Resistance equation (topic A.2.1), the wire temperature is calculated for the boiling curve test.
Its uncertainty is estimated with Eq. A.7, which is the square root of the sum of the linear
regression uncertainty by itself (𝛿𝑇𝑙𝑟 = 0.25 ∘C, as previously discussed in topic A.2.1) and
the uncertainty propagation using an average slope of the Temperature-Resistance equation
(2.1 ∘𝐶/𝑚Ω). As the resistance uncertainty is about 0.06% and the maximum value found








+ 𝛿𝑇 2𝑙𝑟 =
√︁
(2.1 · 0.15)2 + 0.252 = 0.40 ∘𝐶 (A.7)
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A.2.5 Heat Transfer Coefficient Uncertainty
Finally, the heat transfer coefficient uncertainty can be estimated. It is calculated as
the ratio of the heat flux and the wall superheat (∆𝑇𝑤,𝑠𝑎𝑡), which is the difference between the
wall temperature and the fluid saturation temperature. The heat flux and the wire temperature
uncertainties have already been discussed.
The pool temperature uncertainty is not only the thermocouples accuracy, because
it can slightly change during the boiling curve test. This variation is more pronounced at higher
pressures, when the bath temperature control is more difficult (see Fig. A.1 and Fig. A.2). Also,
the pool temperature experimental uncertainty is different for each test fluid. The maximum
pool temperature oscillations around the average observed in the present study is about 𝛿𝑇𝑙,𝑒𝑥𝑝 =
0.3 ∘C at about 100 𝑘𝑃𝑎 and 200 𝑘𝑃𝑎 pressures and 𝛿𝑇𝑙,𝑒𝑥𝑝 = 0.5 ∘C at about 300 𝑘𝑃𝑎 and
400 𝑘𝑃𝑎 for all the test fluids.
(a) At 101 𝑘𝑃𝑎 pressure. (b) At 405 𝑘𝑃𝑎 pressure.
Figure A.1: Example of pool temperature measures with two thermocouples – Anhydrous
Ethanol
(a) At 102 𝑘𝑃𝑎 pressure. (b) At 403 𝑘𝑃𝑎 pressure.
Figure A.2: Example of pool temperature measures with two thermocouples – Gasoline
With that said, the wall superheat uncertainty can be calculated by Eq. A.8.
Considering as well the pool temperature oscillation, it gives wall superheat uncertainty of
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𝛿(∆𝑇𝑤,𝑠𝑎𝑡) = 0.57
∘C when the test is performed at about 100 𝑘𝑃𝑎 and 200 𝑘𝑃𝑎 pressures and
𝛿(∆𝑇𝑤,𝑠𝑎𝑡) = 0.70
∘C at about 300 𝑘𝑃𝑎 and 400 𝑘𝑃𝑎 pressures.
𝛿 (∆𝑇𝑤,𝑠𝑎𝑡) =
√︁





















It can be seen that the heat transfer coefficient uncertainty depends on the wall
superheat (∆𝑇𝑤,𝑠𝑎𝑡), which is very different for each test fluid, heat flux (increasing heat flux
means increasing wall superheat) and pressure (because of its effect on nucleate boiling). The
heat flux uncertainty is negligible as it is much smaller than the superheat relative uncertainty.
Hence, the heat transfer coefficient uncertainty for each test fluid is summarized in Table A.6.
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aFor n-pentane, it is actually 121 𝑘𝑃𝑎
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A.2.6 Boiling Range Uncertainty with Inverted Inoue et al. Correlation
This subsection estimates the uncertainty of the calculated boiling range with an
inversion of Inoue et al. correlation, as performed in Chapter 4 section 4.5.3 with Eq. 4.3,












To ease the presentation of the calculation, the second factor in Eq. A.10 is reduced





The boiling range uncertainty can be calculated with Eq. A.12, already neglecting
the propagation of heat flux uncertainty, as it is much smaller than the other uncertainties (only












Then, after few mathematical calculation, the final form of the boiling range uncer-
tainty is presented in Eq. A.13.

















It is noticeable that it is necessary to find the ideal heat transfer coefficient uncer-
tainty to calculate Eq. A.13. In this specific case, the ideal coefficient is calculated with Eq. 4.5,












Equation A.14 makes evident that the relative uncertainties of both the ideal thermal







The ideal thermal resistance uncertainty is calculated with Eq. A.16, which becomes









































In the present work, these calculations were only performed at 400 𝑘𝑤/𝑚2 heat
flux. Therefore, the ideal thermal resistance uncertainty (and, hence, the ideal heat transfer
coefficient uncertainty) can be calculated (Table A.7) with:
∘ 𝛿ℎ𝐸𝑡
ℎ𝐸𝑡
= 0.021, from Table A.6;
∘ ℎ𝐸𝑡 = 12.05 𝑘𝑊/𝑚2, from experimental data;
∘ 𝛿ℎ𝑛𝐻𝑒𝑥
ℎ𝑛𝐻𝑒𝑥
= 0.09, which is the maximum average deviation of Gorenflo correlation calcula-
tion with hydrocarbons for heat fluxes higher than 250 𝑘𝑊/𝑚2 (Fig. 4.8);
∘ ℎ𝑛𝐻𝑒𝑥 = 12.99 𝑘𝑊/𝑚2, calculated with Gorenflo correlation;
∘ 𝛿𝑥𝐸𝑡 = 0.001, from experiment;
The relative experimental uncertainty could be considered only 2.1% like ethanol
maximum uncertainty at 102 𝑘𝑃𝑎 (see Table A.6) if Inoue et al. correlation were perfectly
accurate. However, it has its own uncertainty, which is around 13.4%, as presented in Ap-
pendix C, and this value is used here as the experimental heat transfer coefficient uncertainty.
Consequently, the boiling range uncertainty calculated at 102 𝑘𝑃𝑎 with 400 𝑘𝑊/𝑚2 heat flux
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using Eq. 4.3 is presented in Table A.8 for each ethanol mole fraction.
Table A.7: Results of uncertainty estimation of the ideal heat transfer coefficient for boiling
range calculation at 400 𝑘𝑊/𝑚2.
𝑥𝐸𝑡 [𝑚𝑜𝑙/𝑚𝑜𝑙] 𝛿𝑅𝑡𝑖𝑑 [𝐾.𝑚
2/𝑊 ] 𝑅𝑡𝑖𝑑 [𝐾.𝑚
2/𝑊 ] ℎ𝑖𝑑 [𝑊/(𝑚
2𝐾)] 𝛿ℎ𝑖𝑑/ℎ𝑖𝑑
0 0.006928 0.07698 12.99 0.0900
0.1 0.006238 0.07758 12.89 0.0804
0.2 0.005554 0.07818 12.79 0.0710
0.35 0.004545 0.07908 12.64 0.0575
0.5 0.003572 0.07999 12.50 0.0447
0.65 0.002676 0.08089 12.36 0.0331
0.8 0.001966 0.08179 12.23 0.0240
0.9 0.001715 0.08239 12.14 0.0208
Table A.8: Uncertainty of the boiling range calculation with inverted Inoue et al. correlation at
102 𝑘𝑃𝑎 and heat flux of 400 𝑘𝑊/𝑚2











APENDIX B – Phase Equilibrium Calculation
As discussed in section 2.2.1, it is necessary to perform phase equilibrium calcu-
lations in mixtures to extract, at a given liquid composition, the vapor-phase mole fractions
and bubble and dew temperatures. In general, the valor-liquid equilibrium problem consists in
finding the equality of vapor and liquid fugacities of each component in the mixture (Eq. B.1).
However, there are several models to calculate each fugacity and they must be chosen appropri-
ately.
𝑓𝑖,𝑙 = 𝑓𝑖,𝑣 for 𝑖 = 1,...,𝑁𝑐𝑜𝑚𝑝 (B.1)
This appendix presents the methods and the steps of phase equilibria calculations
used in the current work. The main references for this appendix are Prausnitz et al., 1998 and
Poling et al., 2001.
B.1 Gamma-Phi Approach
This procedure is an adequate method to be used when the system pressure is low
or moderate, which is the case of the present study. It consists of representing the fugacities
in the liquid phase using activity coefficients (𝛾𝑖) and a referential fugacity (𝑓 𝑜𝑖 ). On the other
hand, the fugacities in the vapor phase are calculated using the fugacity coefficient (𝜑𝑖,𝑣). With
these considerations, Eq. B.1 becomes Eq. B.2.
𝛾𝑖𝑥𝑖𝑓
𝑜
𝑖 = 𝜑𝑖,𝑣𝑦𝑖𝑝 (B.2)
There are three assumptions in this calculation:
1. The activity coefficients (𝛾𝑖) are independent of pressure
2. The liquid molar volume is independent of pressure and it is equal to saturate molar
volume.
3. The ratio of the vapor-phase and saturate fugacity coefficients is unitary. This assump-
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tion means the vapor phase is considered ideal, which is reasonable when working with
pressures close to atmospheric.
Hence, the referential fugacity can be described by Eq. B.3:
𝑓 𝑜𝑖 = 𝑝𝑠𝑎𝑡,𝑖𝜑𝑠𝑎𝑡,𝑖𝑃𝑂𝑌𝑖 (B.3)
Being 𝑃𝑂𝑌𝑖 the Poynting correction factor (Eq. B.4) of the liquid phase vapor pres-






Therefore, Eq. B.2 can be rewritten by Eq.
𝑦𝑖𝑝 = 𝛾𝑖𝑥𝑖𝑝𝑠𝑎𝑡,𝑖𝑃𝑂𝑌𝑖 (B.5)
The factor that gives the mixture non-ideality is indeed the activity coefficient 𝛾𝑖.
There are many proposed models to calculate this parameter, being one of the most used the
excess Gibbs energy models. Hence, UNIFAC method was chosen to calculate this parameter.
B.2 UNIFAC Method
UNIFAC, which means UNIQUAC Functional-Group Activity Coefficient, is an
analytical solution of groups model (ASOG). As obvious by its name, UNIFAC is based on
UNIQUAC (Universal Quasi-Chemical) method, which uses experimental energy interaction
parameters to calculate the components activity coefficients. However, UNIFAC is entirely
independent of empirical data, granting it the fortune advantage of being a fully predictive
method.
It calculates the natural logarithm of the activity coefficient as the sum of a com-
binatorial and a residual part (Eq. B.6). The combinatorial term depends only on the size and
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shapes of the molecules present in the mixture, while the residual depends on group areas and
interactions.
𝑙𝑛𝛾𝑖 = 𝑙𝑛𝛾𝑐𝑜𝑚𝑏,𝑖 + 𝑙𝑛𝛾𝑟𝑒𝑠,𝑖 (B.6)































(𝑟𝑖 − 𝑞𝑖)− 𝑟𝑖 + 1 (B.10)
𝑧 = 10 (B.11)
Both Eq. B.8 and Eq. B.9, which are, respectively, the component surface and
volume fractions in the mixture, need to calculate their respective geometry parameters 𝑟𝑖
(Eq. B.12) and 𝑞𝑖 (Eq. B.13). The subgroups volumes 𝑅′𝑘 and surfaces 𝑄
′
𝑘 are tabulated (Dort-


















𝑣′𝑘,𝑖 [𝑙𝑛Γ𝑘 − 𝑙𝑛Γ𝑘,𝑖] (B.14)










The area fraction of the groups Θ𝑚 is calculated with Eq. B.16 using the mole














The interaction parameters Ψ𝑚𝑛 is given by Eq. B.18, where 𝑎𝑚𝑛 is the difference
of interaction energies between two functional groups, 𝑚 and 𝑛, in the mixture. Again, the
interaction energy parameter is tabulated and available in Dortmund Data Bank Software &
Separation Technology GmbH, or in Poling et al., 2001. It is recommended to use the informa-
tion available in Dortmund Data Bank Software & Separation Technology GmbH because there







With these equations, once available the tables to find the parameters 𝑅′, 𝑄′ and
𝑎𝑚𝑛, it is only required the molecule structure of all the components in the mixture to calculate
their respective activity coefficients. This calculation was validated with data from Dortmund
Data Bank Software & Separation Technology GmbH.
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B.3 Bubble-T and Dew-T Routines
In the present study, the independent variables in the calculation are the liquid com-
position vector {𝑥} and the system pressure 𝑝. With this information, it is possible to calculate
the bubble point and the vapor composition (vector {𝑦}). It is an iterative calculation where the
bubble point is guessed and the vapor composition is calculated by Eq. B.19 until it converges.
It is considered the calculation converged when the sum of the components mole fraction in the





Set p and {x}
Estimate Tb
YES
For i = 1,...,Ncomp
Calculate psat,i and γi
For i = 1,...,Ncomp
Calculate yi (Eq. B.19)
Calculate Σyi
Is |1 – Σyi| < εy ?Guess new Tb
NO
END
Save Tb and {y}
Figure B.1: Flow chart presenting the Bubble-T routine.
To calculate the dew point, the vapor composition {𝑦}must be considered the same
as the initial liquid composition and, afterwards, calculate the dew point and the correspond-
ing liquid composition {𝑥} (Eq. B.20). It is as well an iterative calculation that is somehow







Set p and {y}
Estimate Td
YES
For i = 1,...,Ncomp
Calculate psat,i and γi
For i = 1,...,Ncomp
Calculate xi (Eq. B.20)
Calculate Σxi
Is |1 – Σxi| < εx ?Guess new Td
NO
END
Save Td and {x}
Figure B.2: Flow chart presenting the Dew-T routine.
Therefore, all the parameters necessary for mixture nucleate boiling correlations are
calculated for any mixture with any number of components. This calculation was also validated
with data from Dortmund Data Bank Software & Separation Technology GmbH.
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APENDIX C – Validation of Multicomponent Correlations
This appendix presents the validation of using boiling correlations for binary mix-
tures to predict heat transfer coefficient in multicomponent mixtures, as discussed in sec-
tion 2.3.2. This step is necessary to guarantee that gasoline modeling is as close as possible
to physical reality when using mixture correlations. Also, from this analysis, the two correla-
tions that present the best predictive capacities are the ones employed in the current study.
Several experimental data available in literature were gathered and used as a base-
line for this evaluation. A brief discussion about each work is done and their experimental data
are explicitly given in the following sections by constants 𝐶 and 𝑛𝑒 obtained by exponential re-
gression as Eq. C.1, with 𝑞 in [𝑊/𝑚2] and ℎ in [𝑊/(𝑚2𝐾)]. Also, all the information regarding
mixture composition is given in mole fraction.
ℎ = 𝐶 · 𝑞′′𝑛𝑒𝑤 (C.1)
Table C.1 shows a summarization of the mixture correlations that were compared
with literature data.
C.1 Several Binary Mixtures (Fujita and Tsutsui, 1997)
Fujita and Tsutsui tested several kinds of binary mixtures before presenting their
correlations. Their test section was a copper flat surface with 0.125 𝜇𝑚 surface roughness.
Table C.2 presents results of some fluids and mixtures they tested and that were compared with
the correlations in Table C.1. Both parameters 𝐶 and 𝑛 were explicitly given by the authors and
are available in the reference.
For pure components, Gorenflo, 2010, and Ribatski and Saiz Jabardo, 2003, corre-
lations presented the best fit and, therefore, were used to calculate the ideal heat transfer coef-
ficient for mixture correlations. Their results together with mixture correlations are presented
in Fig. C.1, C.2 and C.3 for ethanol/water, methanol/benzene and ethanol/n-butanol mixtures,
respectively.
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C.2 Acetone/Isopropanol/Water Mixture (Vinayak Rao and Balakrishnan, 2004)
Vinayak Rao and Balakrishnan, 2004 used a flat surface with 0.52 𝜇𝑚 surface
roughness to perform their boiling experiments. They did not mention the material, so it was
assumed to be copper. Table C.3 presents their results for pure fluids and components mixtures.
In their work, they mention that they achieved best fit for the pure components
results when using Gorenflo, 1993 correlation. However, they observed that using Stephan and
Abdelsalam, 1980 equation for the ideal heat transfer coefficient presented better results when
calculating mixture correlations. Therefore, the following validation is performed as suggested
by the authors.
Figure C.4 presents their result for 50% isopropanol and 50% water mixture with
the correlations under analysis, while Fig. C.5 and C.6 presents results and calculations for
acetone/isopropanol/water ternary systems (30%/35%/35% and 70%/15%/15%, respectively).
C.3 Propane/i-Butane/n-Butane Mixtures (Kotthoff and Gorenflo, 2008)
In their review, Kotthoff and Gorenflo also discuss mixture boiling and present an
experimental data example of propane/i-butane/n-butane mixtures with constant composition
(28%/36%/36%) and different pressures. The test section is a 8 𝑚𝑚 diameter copper tube with
0.34 𝜇𝑚 surface roughness. Their results are presented in Table C.4. They are plotted together
with the results from mixture correlations at three different pressure (148 𝑘𝑃𝑎, 380 𝑘𝑃𝑎 and
721 𝑘𝑃𝑎 in Fig. C.7, C.8 and C.9, respectively)
C.4 Mixture Correlations Results
In the present analysis, Unal, 1986, correlation provided the best predictive capacity
(overall average deviation of 9.4%), followed by Inoue et al., 1998, correlation (overall average
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deviation of 13.4%). Their results are graphically summarized in Fig. C.10 for Unal correlation
and in Fig. C.11 for Inoue et al. correlation.
One commonly cited correlation for mixture boiling was proposed by Thome and
Shakir, 1987, being suggested by many authors for its good accuracy even for ternary systems
(Fujita and Tsutsui, 2004; Vinayak Rao and Balakrishnan, 2004; Nahra and Næss, 2009; Goren-
flo, 2010). However, in the present analysis it did not perform as well as Unal and Inoue et al.,
with average deviation of 22.2% (Fig. C.12). Therefore, it will not be used in the present study.




Schlünder a 1983 𝐾 = ℎ𝑖𝑑𝑞”𝑤
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𝑏5 = 0.92|𝑦𝑖 − 𝑥𝑖|0.001𝑝0.66𝑟
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aapud Peyghambarzadeh et al., 2009
bRewritten to isolate the K parameter and be usable for multicomponent mixtures.
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Table C.2: Pure components and mixtures results from Fujita and Tsutsui, 1997.
FLUID C n𝑒
100% Ethanol 0.1890 0.900
100% Water 0.5400 0.820
100% Methanol 0.0876 0.960
100% Benzene 0.3980 0.840
100% n-Butanol 0.3320 0.860
31% Ethanol, 69% Water 0.3600 0.810
55% Ethanol, 45% Water 0.1960 0.880
20% Methanol, 80% Benzene 0.2830 0.830
70% Methanol, 30% Benzene 0.0924 0.950
60% Ethanol, 40% n-Butanol 0.1660 0.880
90% Ethanol, 10% n-Butanol 0.1990 0.890
Table C.3: Acetone/Isopropanol/Water mixture results from Vinayak Rao and Balakrish-
nan, 2004.
FLUID C n𝑒
100% Acetone 0.809 0.790
100% Isopropanol 1.040 0.775
100% Water 1.980 0.750
50% Isopropanol, 50% Water 1.171 0.735
30% Acetone, 35% Isopropanol, 35% Water 0.374 0.790
70% Acetone, 15% Isopropanol, 15% Water 2.589 0.640
Table C.4: Propane/i-Butane/n-Butane from Kotthoff and Gorenflo, 2008.
FLUID AND PRESSURE C n𝑒
28% Propane, 36% i-Butane, 36% n-Butane @ 1.48 bar 0.250 0.880
28% Propane, 36% i-Butane, 36% n-Butane @ 3.80 bar 1.200 0.760
28% Propane, 36% i-Butane, 36% n-Butane @ 7.21 bar 3.900 0.670
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(a) 31% Ethanol, 69% Water. (b) 55% Ethanol, 45% Water.
Figure C.1: Fujita and Tsutsui, 1997 ethanol/water mixture data with mixture correlations.
(a) 20% Methanol, 80% Benzene. (b) 50% Methanol, 50% Benzene.
Figure C.2: Fujita and Tsutsui, 1997 methanol/benzene mixture data with mixture correlations.
(a) 60% Ethanol, 40% n-Butanol. (b) 90% Ethanol, 10% n-Butanol.
Figure C.3: Fujita and Tsutsui, 1997 ethanol/n-butanol mixture data with mixture correlations.
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Figure C.4: Isopropanol/water (50%/50%) binary mixture from Vinayak Rao and Balakrish-
nan, 2004.
Figure C.5: Acetone/Isopropanol/water (30%/35%/35%) ternary mixture from Vinayak Rao
and Balakrishnan, 2004.
Figure C.6: Acetone/Isopropanol/water (70%/15%/15%) ternary mixture from Vinayak Rao
and Balakrishnan, 2004.
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Figure C.7: Propane/i-Butane/n-Butane (28%/36%/36%) ternary mixture at 148 𝑘𝑃𝑎 from Kot-
thoff and Gorenflo, 2008.
Figure C.8: Propane/i-Butane/n-Butane (28%/36%/36%) ternary mixture at 380 𝑘𝑃𝑎 from Kot-
thoff and Gorenflo, 2008.
Figure C.9: Propane/i-Butane/n-Butane (28%/36%/36%) ternary mixture at 721 𝑘𝑃𝑎 from Kot-
thoff and Gorenflo, 2008.
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Figure C.10: Unal predictive performance for mixture boiling cases. Average deviation of 9.4%
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Correlation: Inoue et al. (1998)
Figure C.11: Inoue et al. predictive performance for mixture boiling cases. Average deviation
of 13.4%
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Correlation: Thome and Shakir (1987)
Figure C.12: Thome and Shakir predictive performance for mixture boiling cases. Average
deviation of 22.2%
